Effects Of Plasticity And Hybridization On Life History Traits In Arabidopsis Thaliana Ecotypes by Palacio Lopez, Kattia Paola
University of Vermont
ScholarWorks @ UVM
Graduate College Dissertations and Theses Dissertations and Theses
2017
Effects Of Plasticity And Hybridization On Life
History Traits In Arabidopsis Thaliana Ecotypes
Kattia Paola Palacio Lopez
University of Vermont
Follow this and additional works at: https://scholarworks.uvm.edu/graddis
Part of the Evolution Commons
This Dissertation is brought to you for free and open access by the Dissertations and Theses at ScholarWorks @ UVM. It has been accepted for
inclusion in Graduate College Dissertations and Theses by an authorized administrator of ScholarWorks @ UVM. For more information, please contact
donna.omalley@uvm.edu.
Recommended Citation
Palacio Lopez, Kattia Paola, "Effects Of Plasticity And Hybridization On Life History Traits In Arabidopsis Thaliana Ecotypes"
(2017). Graduate College Dissertations and Theses. 816.
https://scholarworks.uvm.edu/graddis/816
  
EFFECTS OF PLASTICITY AND HYBRIDIZATION ON LIFE HISTORY TRAITS IN 
ARABIDOPSIS THALIANA ECOTYPES 
 
 
 
 
 
A Dissertation Presented 
 
 
by 
 
Kattia Paola Palacio López 
 
to 
 
The Faculty of the Graduate College 
 
of 
 
The University of Vermont 
 
 
 
 
 
In Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy 
Specializing in Plant Biology 
 
October, 2017  
 
 
 
Defense Date:  August 29, 2017 
Dissertation Examination Committee: 
 
Jane Molofsky, Ph.D., Advisor 
Charles J. Goodnight, Ph.D., Chairperson 
Stephen R. Keller, Ph.D. 
                                                  Jill C. Preston, Ph.D. 
Cynthia J. Forehand, Ph.D., Dean of the Graduate College 
 
 
   
ABSTRACT 
Understanding the strategies that plant populations implement to increase 
evolutionary responsiveness to better survive environmental changes induced by climate 
change is a critical challenge for ecology and evolutionary studies. This dissertation 
investigates the role of hybridization, local adaptation, and phenotypic plasticity in plant 
population responses to environmental change. Specifically, I utilized meta-analysis 
techniques to investigate the prevalence of local adaptation and phenotypic plasticity as 
the two main mechanisms used to adapt to heterogeneous environments, and 
experimentally explored the genetic pathway of plasticity in phenology traits such as 
bolting time in Arabidopsis thaliana under high temperatures. Furthermore, A. thaliana 
was used to create artificial hybrids to test if novel trait combinations allow hybrids to 
outperform their parental source in novel and stressful environments. 
In the second chapter, I included reciprocal transplant plant studies and found that 
local adaptation is more common than adaptive plasticity as an evolutionary response to 
environmental heterogeneity. Although local adaptation was more common, plastic 
responses have been reported as a mechanism to tolerate increases in global temperature; 
however, the underlying genetic and developmental mechanisms are only starting to be 
elucidated. To address this, the third chapter determined whether alternative splicing of 
the ambient temperature flowering pathway gene FLOWERING LOCUS-M (FLM), and 
expression of SHORT VEGETATIVE PHASE (SVP), can explain flowering time plasticity 
in ecotypes of A. thaliana under 18°C and 26°C. Although the expression of SVP and 
FLM-β tracks reaction norms, I failed to find evidence that alternative FLM splicing plays 
a role in phenotypic plasticity in intraspecific flowering time variation. 
Intraspecific hybridization (admixture) disrupts divergent genetic architectures 
between populations to generate phenotypic novelty and raw material for environmental 
selection to act upon. In order to understand the effect of this disruption to local 
adaptation of A. thaliana ecotypes separated along geographic and locally adaptive 
genetic distances, the fourth chapter used experimentally created F1-hybrids between 
geographically distant ecotypes, and used single nucleotide polymorphism (SNP) data to 
estimate (putatively neutral) background and adaptive genetic distances. My results 
suggest that disruption of locally adaptive genomic loci decreases the performance of 
offspring between distantly related parents, but that crosses between very closely related 
parents also reduce performance, suggesting that during admixture selection may have to 
balance the consequences of disrupting local adaption while also avoiding inbreeding 
depression. Lastly, I examined the effect of recombination events under limiting and 
novel growing conditions (i.e. drought, high temperatures, and freezing field over-
wintering conditions) in A. thaliana F2-hybrids. I provide empirical data for the effect of 
limiting growing environment on phenology, growth, and fitness traits on the admixed 
and parental ecotypes. I found that recombination events generate novel phenotypes. 
Generally, offspring phenotypic variation increases and shifts from the parental ecotype 
phenotypes, and in some cases, offspring display transgressive segregation, heterosis, or 
outbreeding depression. This work provides a novel contribution towards understanding 
mechanisms that plant implement to deal with rapid environmental changes. Specifically, 
plastic responses and hybridization events may interplay to maintain and increase 
genotypic diversity. 
ii 
 
CITATIONS 
 
Material from this dissertation has been published in the following forms: 
 
Palacio-López, K., Beckage, B., Scheiner, S., Molofsky,J.. (2015). The ubiquity of 
phenotypic plasticity in plants: a synthesis. Ecol Evol 5:3389–3400.  
 
Palacio-López, K., Preston J., Molofsky, J.. (2017). Differential splicing of FLM partially 
explains high temperature-induced flowering time plasticity in wild ecotypes of 
Arabidopsis thaliana (accepted). 
 
 
Material from this dissertation has been submitted for publication to Journal of Heredity 
on March 10
th
 2017, in the following form: 
 
Palacio-López, K., Keller S.R., Molofsky,J.. (2017). Genomic admixture between locally 
adapted populations of Arabidopsis thaliana (Mouse ear cress): Evidence of optimal 
genetic outcrossing distance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
 
 
 
 
 
 
 
 
For my beloved and always remembered Tía Claudia 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
ACKNOWLEDGMENTS 
 
 
I am indebted to my advisor Jane Molofsky for her dedicated mentorship, support and 
encouragement. I would like to thank my committee members Charles Goodnight, 
Stephen Keller and Jill Preston for their time and attention. Your continuous enthusiasm 
has enhanced my understanding of evolutionary biology and your time has meant more to 
me than you will ever know. I am grateful to my family for their unconditional love and 
support. I am thankful to my significant other for always being there for me. I am grateful 
to so many friends within and beyond the Plant Biology department for their lasting 
friendship and constant support while completing my Ph.D. Lastly; I would like to thank 
the Fulbright program for funding three years of my program. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
TABLE OF CONTENTS 
CITATIONS  ...................................................................................................................... ii 
 
ACKNOWLEDMENTS  ................................................................................................... iv 
 
LIST OF TABLES  .......................................................................................................... viii 
 
LIST OF FIGURES  .......................................................................................................... xi 
 
CHAPTER 1. GENERAL INTRODUCTION  ...................................................................1 
Phenotypic plasticity  ...............................................................................................1 
Local adaptation ......................................................................................................3 
Trait variation under hybridization  ........................................................................4 
Arabidopsis thaliana as a study system ....................................................................6 
 
CHAPTER 2. THE UBIQUITY OF PHENOTYPIC PLASTICITY IN PLANTS: A 
SYNTHESIS  .......................................................................................................................8 
 
ABSTRACT .................................................................................................................9 
INTRODUCTION ......................................................................................................10 
METHODS .................................................................................................................14 
Data collection  ......................................................................................................14 
Data analyses .........................................................................................................15 
RESULTS ...................................................................................................................19 
DISCUSSION.............................................................................................................22 
ACKNOWLEDGEMENTS .......................................................................................28 
REFERENCES ...........................................................................................................29 
 
CHAPTER 3. DIFFERENTIAL SPLICING OF FLM PARTIALLY EXPLAINS 
 HIGH TEMPERATURE-INDUCED FLOWERING TIME PLASTICITY IN  
WILD ECOTYPES OF ARABIDOPSIS THALIANA  .......................................................55 
 
ABSTRACT ...............................................................................................................56 
INTRODUCTION ......................................................................................................57 
METHODS .................................................................................................................60 
Plant material and growth conditions  ..................................................................60 
Climate data and flowering time correlation tests ................................................62 
Genotyping and Gene Expression Analysis ...........................................................63 
RESULTS ...................................................................................................................66 
Flowering time variation under moderate to high temperatures...........................66 
Genotyping and isoform analysis...........................................................................66 
FLM and SVP gene expression across ecotypes ...................................................67 
DISCUSSION.............................................................................................................68 
Plasticity in flowering time, but not its variance, varies across ecotypes  ............69 
vi 
 
Plasticity in FLM splicing has limited power in explaining ecotype variation in 
days to bolting and plastic flowering in response to temperature .........................71 
ACKNOWLEDGEMENTS .......................................................................................73 
REFERENCES ...........................................................................................................74 
 
CHAPTER 4. GENOMIC ADMIXTURE BETWEEN LOCALLY ADAPTED 
POPULATIONS OF ARABIDOPSIS THALIANA (MOUSE EAR CRESS): 
 EVIDENCE OF OPTIMAL GENETIC OUTCROSSING DISTANCE.  ........................94 
 
ABSTRACT ...............................................................................................................95 
INTRODUCTION ......................................................................................................96 
METHODS ...............................................................................................................101 
Study system  ........................................................................................................101 
Crossing and growing conditions ........................................................................102 
RESULTS .................................................................................................................106 
DISCUSSION...........................................................................................................107 
ACKNOWLEDGEMENTS .....................................................................................112 
REFERENCES .........................................................................................................112 
 
CHAPTER 5. RECOMBINATION EFFECTS ON F2 HYBRIDS OF  
ARABIDOPSIS THALIANA GROWING UNDER LIMITING AND NOVEL  
GROWING CONDITIONS  ............................................................................................129 
 
ABSTRACT .............................................................................................................129 
INTRODUCTION ....................................................................................................130 
METHODS ...............................................................................................................134 
Study system  ........................................................................................................134 
Cross design  ........................................................................................................135 
Creation of hybrids ..................................................................................135 
Creation of experimental plants...............................................................136 
Experimental tretatments  ....................................................................................138 
Water Limitation Experiment  ..................................................................138 
High Temperature Experiment ................................................................139 
Over-wintering Experiment  ....................................................................140 
Data analysis .......................................................................................................140 
RESULTS .................................................................................................................143 
Overall patterns  ..................................................................................................143 
1. Survivorship in hybrids and parental ecotypes exposed to different 
environmental conditions  ........................................................................144 
2. Treatment effect on plants performance ..............................................145 
Trait expression in hybrids and parents  .............................................................146 
TS, heterosis and outbreeding depression ...........................................................148 
DISCUSSION...........................................................................................................149 
Are hybrids different than their parents? ............................................................150 
vii 
 
Is there evidence for transgressive segregation, heterosis and outbreeding 
depression?         ..................................................................................................152 
ACKNOWLEDGEMENTS .....................................................................................155 
REFERENCES .........................................................................................................155 
 
COMPRENHENSIVE LITERATURED CITED  ...........................................................194 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
LIST OF TABLES 
Table                                                Page 
 
Table 2.1. A. The relative frequencies of plastic vs. non-plastic traits based on  
comparing trait values of a pair of sets of individuals from a single population  
grown in two locations. B. The relative frequencies of the five patterns based on 
comparing trait values of a block of four sets of individuals from two populations  
grown in two locations. All categorization was based on a CDF threshold of 0.53  
(Figures 2.2-2.5). .............................................................................................................. 45 
 
Table S2.1. Summary of the reciprocal transplant studies included in the analyses. 
Information includes: trait categories: Life history traits (LH), morphological traits  
(M), and physiological traits (P); traits; growth form (herb, shrub, grass); family; life 
form (Annual, Perennial). †Populations differ in their life form; environment. ...............47 
 
Table S2.2. A. The relative frequencies of plastic vs. non-plastic traits based on 
comparing trait values of a pair of sets of individuals from a single population grown 
 in two locations. B. The relative frequencies of the five patterns based on comparing 
 trait values of a block of four sets of individuals from two populations grown in two 
locations. All categorization was based on a CDF threshold of 0.265. .  ..........................53 
 
Table S2.3. A. The relative frequencies of plastic vs. non-plastic traits based on 
comparing trait values of a pair of sets of individuals from a single population grown  
in two locations. B. The relative frequencies of the five patterns based on comparing  
trait values of a block of four sets of individuals from two populations grown in two 
locations. All categorization was based on a CDF threshold of 1.06. .  ............................54 
 
Table 3.1 Information from TAIR on the fourteen ecotypes of Arabidopsis  
thaliana selected from Atwell et al. (2010). 
a
Sampled in Lee et al. (2013). 
b
Data  
derived from Worldclim (http://www.worldclim.org/bioclim) coded as BIO5.  
Unknown refers to equivocal results based on conflicts between collection and  
genetic data (see text). .......................................................................................................89 
 
Table A3.1 Variance (σ²) comparison of bolting time at 18°C versus 26°C for different 
ecotypes of Arabidopsis thaliana. Degrees of freedom in the numerator (dfNum) and 
denominator (dfDen) are shown based on 16 samples (8 replicates per each chamber 
experiment). Significant differences between variance at the two temperatures were 
determined by a two-sided F test. Values in grey represent non-significant differences 
in variance, whereas values in black represent significant differences in variance 
between 18°C and 26°C. * indicates a higher variance at 18°C versus 26°C. †  
indicates a higher variance at 26°C versus 18°C ...............................................................90 
 
ix 
 
Table 4.1. Theoretical predictions of fitness on hybrid offspring across a range of 
geographic and genetic crossing distances (low, mid and high) due to different 
evolutionary processes. Arrows show the effect on fitness related trait.  ........................123 
 
Table 4.2. Information from TAIR on the seventeen ecotypes of A. thaliana selected  
from Atwell et al. (2010). † Indicates ecotypes in which their origin is unknown 
(Anastasio et al. 2011). ....................................................................................................124 
 
Table 4.3. Crossing design based on parental geographic, locally adaptive, and 
background genetic distances. Geographic distances are based on Euclidean distance 
using the latitude and longitude of their locations. Geographic origin was verified with 
the results of Anastasio et al. (2011). Geographic distance of ecotypes with unknown 
origin has been calculate after replacement with their closely related ecotype base on 
genome-wide estimates of pairwise kinship from (Atwell et al. 2010). Countries where 
ecotypes come from: GER (Germany), NOR (Norway), UK (United Kingdom), AUT 
(Austria), SUI (Switzerland), BEL (Belgium) and CZE (Czech Republic). Not found 
closely related ecotypes (N.F.).........................................................................................125 
 
Table 4.4. Multiple regression table including linear and quadratic effects of genetic  
and geographic distances. P-values in bold are significant after Bonferonni correction 
( = 0.05/6 = 0.008)  ........................................................................................................126 
 
Table 5.1. Crossing design based on background genetic distances. † Hybrids that  
were not included in the water limitation environment. ..................................................173 
 
Table 5.2 Climatic information of the parental ecotypes from WorldClim 
(www.worldclim.org).  ....................................................................................................174 
 
Table 5.3 Summary of the percentage of transgressive segregation in phenology and 
growth traits and, heterosis and outbreeding depression for reproductive traits. ............175 
 
Table 5. 4 Five different resulting scenarios from eq. 3 showing common responses 
regarding transgressive segregation between the water limitation and high temperature 
experiments. Yellow: F2 hybrids show a positive or negative transgressive expression 
only under a limiting environment. Orange: F2 hybrids showed a positive or negative 
transgressive expression only under control conditions. Blue: F2 hybrids showed a 
positive transgressive expression under the limiting condition and a negative 
transgressive expression under the control (or vice-versa). Green: F2 hybrids showed 
a positive or negative transgressive expression in both, the control and the limiting 
conditions. Gray: F2 hybrids are similar than the mid-parent value. Positive 
transgressive segregation (+). Negative transgressive segregation (-).............................176 
 
Table A5.1. ANOVA testing for treatment effect, chamber effect, and differences 
between hybrids and parental ecotypes under water limitation experiment. ...................177 
x 
 
Table A5.2. ANOVA testing for differences between different genotypes under 
water limitation experiment. .  .........................................................................................178 
 
Table A5.3. ANOVA testing for differences between close and distant hybrids  
under water limitation experiment.  .................................................................................179 
 
Table A5.4 ANOVA testing for treatment effect, chamber effect, and differences  
between hybrids and parental ecotypes under high temperature experiment  .................181 
 
Table A5.5. ANOVA testing for differences between different genotypes high 
temperature experiment  ..................................................................................................182 
 
Table A5.6. ANOVA testing for differences between close and distant hybrids under  
high temperature experiment.  .........................................................................................183 
 
Table A5.7. ANOVA testing for differences between hybrids and parental ecotypes 
 over wintering experiment  .............................................................................................184 
 
Table A5.8. ANOVA testing for differences between different over wintering  
experiment........................................................................................................................185 
 
Table A5.9. ANOVA testing for differences between close and distant hybrids over 
wintering experiment .......................................................................................................186 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xi 
 
LIST OF FIGURES 
Figure                                              Page 
 
Figure 2.1. Five possible evolutionary responses to the environment: (1) canalized 
response–no differentiation; (2) canalized response–population differentiation;  
(3) perfect adaptive plasticity: plastic, reaction norms not different; (4) adaptive 
plasticity: plastic reaction norms with the same slope but different intercepts; and  
(5) nonadaptive plasticity: plastic reaction norms that are steeper than the optimum  
or the slope of the reaction norm is in the opposite direction than the optimal reaction 
norm. Circles indicated the optimal phenotype for population A (open circle) and 
population B (closed circles). The figure only shows the reaction norm for population  
A. The end of the line shows the mean phenotype of population A growing in 
environment B, the foreign environment.  .........................................................................40 
 
Figure 2.2. Histogram and cumulative distribution function for population trait pairs 
indicating plastic versus not plastic. Population trait pairs with values below the  
threshold (0.53, indicated by the dashed vertical line in the histogram) for both traits  
were categorized as not plastic. .........................................................................................41 
 
Figure 2.3. Histogram and cumulative distribution function for nonplastic trait pairs  
with canalized response–no differentiation versus canalized response–population 
differentiation. Population trait pairs with values below the threshold (0.53, indicated  
by the dashed vertical line in the histogram) were categorized as canalized  
response–no differentiation.  ..............................................................................................42 
 
Figure 2.4. Histogram and cumulative distribution function for population trait pairs  
with perfect adaptive plasticity versus adaptive plasticity or nonadaptive plasticity. 
Population trait pairs with values below the threshold (0.53, indicated by the dashed 
vertical line in the histogram) were categorized as being perfect adaptive plastic. ...........43 
 
Figure 2.5. Histogram and cumulative distribution function for trait pairs with  
plasticity. Trait pairs with values from 0 to 0.53 represent perfect adaptive plasticity, 
values <1 but >0.53 represent adaptive plasticity, and values >1 represent 
nonadaptive plasticity. .......................................................................................................44 
 
Figure S2.1. Distribution of the different patterns of plasticity of the traits within each 
study  ..................................................................................................................................46 
 
Figure 3.1 Range of flowering time means and standard errors for different Arabidopsis 
thaliana ecotypes grown at 18°C and 26°C. Ecotypes Wei-0, Aa-0, Col-0, Lp2-6 and 
Uod-7 were selected for molecular analyses .....................................................................85 
 
xii 
 
Figure 3.2 Mean reaction norms between ambient (18°C) and warm (26°C) temperature 
treatments for bolting time in fourteen A. thaliana ecotypes. Black lines show a 
significant reaction norm. Lines in grey show ecotypes with no significant reaction  
norm. * indicates a significant difference in the variance at 18°C versus 26°C and a 
higher variance at 18°C. † indicates a significant difference in the variance at 18°C  
versus 26°C and a higher variance at 26°C versus 18°C (table A1). .................................86 
 
Figure 3.3 Temperature driven plasticity in SVP and FLM gene expression across five 
 A. thaliana ecotypes that vary in flowering time. The mean and standard error is 
 shown for three or four biological replicates ....................................................................87 
 
Figure 3.4 Percent of change in the FLM-β:FLM-δ ratio based on eq.1 from 18°C and 
26°C across five A. thaliana ecotypes. Confident intervals are shown  ............................88 
 
Figure 3.A1 Extent of correlations between days to bolting at 18°C and latitude or 
bioclim temperature variables, and difference in days to bolting between 18°C and  
26°C and latitude or bioclim temperature variables, for different Arabidopsis thaliana 
ecotypes, excluding Col-0. The significant p-value for minimum temperature of the 
wettest quarter is highlighted in bold. ................................................................................91 
 
Figure 3.A2 Maximum likelihood phylogenetic tree of FLM-like genes showing  
evidence of two splice forms across our 5 focal Arabidopsis thaliana ecotypes. .............92 
 
Figure 3.A3 Maximum likelihood phylogenetic tree of SVP-like genes showing a  
single copy in each of our 5 focal Arabidopsis thaliana ecotypes. Repetition in the  
name of the accessions represents different sequenced amplicons of the same ecotype ...93 
 
Figure 4.1. Predictions on the mechanisms that influence fitness hybrids due to 
geographic and genetic distances. A) Decrease in fitness due to inbreeding depression.  
B) Increase in fitness due to local adaptation. C) Increase in fitness due to heterosis. 
D) Intermediate fitness due to partial loss of local adaptation. E) Decrease in fitness  
due to outbreeding depression (disruption of coadapted genes or loss of local  
adaptation). ......................................................................................................................120 
 
Figure 4.2. Relationship between phenology, growth and fitness traits and different 
parental distance metrics (A. and adaptive genetic distances, B. background genetic, 
C. proxy-geographic) in F1 hybrids of A. thaliana.  ........................................................121 
 
Figure 4.3. Relationship between phenology and fitness traits in F1 hybrids of A. 
thaliana..  .........................................................................................................................122 
 
Figure 5.1 Experimental design for two generations of hybrids of A. thaliana. The 
diagram shows three examples of the 17 parental lines per hybrids and five crossing 
xiii 
 
events per pair to generate F1 hybrids which grew under 18°C. F2 hybrids created by 
self-pollination (arrow) were expose to three different experiments.  .............................162 
 
Figure 5.2 Experimental design in which F2 hybrids of A. thaliana were exposed to  
(a) water limitation experiment (b) high temperature experiment and (c) over  
wintering experiment.  .....................................................................................................163 
 
Figure 5.3 Survivorship at bolting time for each genotypes under the water limiting 
experiment (a, b) and over wintering experiment (c) A value of 1 represent 100% 
survivorship......................................................................................................................164 
 
Figure 5.4 Permutation tests of close hybrids (C) and distant hybrids (D) showing in  
red the X(obs) and in gray the X (sim) of the NMDS test under the water limitation 
experiment. P-values are shown.  ....................................................................................165 
 
Figure 5.5 Permutation tests of close hybrids (C) and distant hybrids (D) showing in  
red the X(obs) and in gray the X (sim) of the NMDS test under the high temperature 
experiment. P-values are shown.  ....................................................................................166 
 
Figure 5.6 Permutation tests of close hybrids (C) and distant hybrids (D) showing in 
red the X(obs) and in gray the X (sim) of the NMDS test under the over wintering 
experiment. P-values are shown.  ....................................................................................167 
 
Figure 5.7 Mean phenotype differences between F2 hybrids and the mid-parent  
value under the water limiting experiment. Results based on eq. 3  ................................168 
 
Figure 5.8 Mean phenotype differences between F2 hybrids and the mid-parent 
value under the high temperature experiment. Results based on eq. 3  ...........................170 
 
Figure 5.9 Mean phenotype differences between F2 hybrids and the mid-parent  
value over wintering experiment. Results based on eq. 3  ...............................................172 
 
Figure A5.1 Relationship between background genetic distance and crosses success  
(a) silique develop (b) seed germination in F1 hybrids of A. thaliana.  ..........................187 
 
Figure A5.2. Bolting Speed mean and variance for hybrids and their parental 
ecotypes. § significant results for variance Ftest. † significant differences in means 
from an independent contrast analysis  ............................................................................188 
 
Figure A5.3. Height mean and variance for hybrids and their parental ecotypes. § 
significant results for variance Ftest. † significant differences in means from an 
independent contrast analysis  .........................................................................................189 
 
xiv 
 
Figure A5.4. Fruits mean and variance for hybrids and their parental ecotypes. § 
significant results for variance Ftest. † significant differences in means from an 
independent contrast analysis  .........................................................................................190 
 
Figure A5.5 NMDS test under the water limitation experiment. Red and blue color 
represent the parental ecotypes. Green color represent the hybrid. Centroids are 
represented with squares . ................................................................................................191 
 
Figure A5. NMDS test under the high temperature experiment. Red and blue color 
represent the parental ecotypes. Green color represent the hybrid. Centroids are 
represented with squares.   ...............................................................................................192 
 
Figure A5.6 NMDS test under the over wintering experiment. Red and blue color 
represent the parental ecotypes. Green color represent the hybrid. Centroids are 
represented with squares.  .  .............................................................................................193 
 
 
 
 
 
 
1 
CHAPTER 1: GENERAL INTRODUCTION 
One of the central focuses in ecology and evolution is to understand the 
mechanisms driving adaptation to new environments. The ability of an organism to 
modify its phenotype in response to changes in environmental conditions (phenotypic 
plasticity) (Schlicting 1986, West-Eberhard 2003), as well the process by which a 
population is genetically differentiated in traits that are optimized for a given habitat 
(local adaptation) (Lart and Grant 1996), have been proposed to have an important role in 
plant adaptation (Facon et al. 2008, Lavergne and Molofsky 2007). In addition, 
adaptations can arrive with the offspring between individuals from populations of the 
same species that are distinguishable in one or more heritable characters (intraspecific 
hybrid) when admixture events occur. Admixture has been recognized as an important 
source of heritable genetic diversity (Barton 2001, Rieseberg et al. 2003, Lavergne and 
Molofsky 2007, Keller and Taylor 2010, Friedman 2015, Goulet et al. 2017). This 
dissertation focused on understanding the relative importance of phenotypic plasticity and 
local adaptation in plants, the genetic pathways that may control plasticity under high 
temperatures, and the effect of remixing locally adaptive ecotypes in functional traits 
under a limiting and novel growth environment in which artificial hybrids of Arabidopsis 
thaliana L. (Brassicaceae) have been used as a study system.  
 
Phenotypic plasticity  
Phenotypic plasticity is a fundamental mechanism for plants to cope successfully 
with environmental heterogeneity (Ghalambor et al. 2007, Chevin and Lande 2010), and 
often explains interspecific differences in distribution range (Sultan 2001,  Richards et al. 
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2006). Phenotypic adjustment to environmental variation could be explained due to 
interactions between the environment and genotype (Alpert and Simms 2002) in which 
reaction norms describe the change in the phenotype expression when a single genotype 
interacts with different environmental conditions (Pigliucci 2005, Murren et al. 2014).  
 
Plasticity has been suggested as an adaptive mechanism that allows plants to 
optimally respond to environmental heterogeneity increasing mean fitness (Alpert and 
Simms 2002, Callahan et al. 2005). However, plasticity can be disfavored under a variety 
of circumstances, in some cases resulting in apparent maladaptive plasticity (Scheiner 
2013). Non-adaptive plasticity can occur when a new environment induces a phenotype 
that is further away from the optimal phenotype (Ghalambor et al. 2007). Plasticity can 
favor and constrain adaptive evolution of species into the new environment. Plasticity can 
generate immediate changes to the environment increasing the intraspecific variation that 
selection can operate on to generate rapid adaptive evolution (Lande 2009, Pfnneir et al. 
2010). However, the beneficial role of a plastic trait can be complicated by trait 
correlations that make selection also favor non-beneficial traits (Schlichting and Pigliucci 
1998). Plasticity can also constrain evolution due to the fact that a single genotype is able 
to produce optimal values across different environments without genetic alternatives 
(Pfnneir et al. 2010), or due to the fact that different genotypes are able to reach the same 
phenotype. Less optimal genotypes can be hidden from selection through plasticity 
(Pfnneir et al. 2010).  
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Phenotypes resulting from trait plasticity could be genetically fixed following 
directional selection on the optimum phenotype in a particular environment (Murren et 
al. 200), and the magnitude of phenotypic plasticity might be reduced because of 
plasticity costs. This process is known as canalization or genetic assimilation (West-
Eberhand 2005a, Pigluicci et al. 2006, Crispo 2007). The evolutionary trajectory of 
plasticity over the long term will depend on the degree of year to-year environmental 
homogeneity (which can lead to canalization) or heterogeneity (which favors plasticity), 
and the genetic basis underlying the trait (Schlichting and Pigliucci 1998, Crispo 2008, 
Murren et al. 2014). Despite substantial evidence of plastic responses to different 
environmental factors, the underlying genetic and developmental mechanisms for 
phenotypic plasticity remain largely unknown (West-Eberhard 2005a, West-Eberhard 
2005b, Aubin-Horth and Renn 2009, Beldade et al. 2011). 
 
Local adaptation 
Natural populations across their range of distribution exhibit genetic variation in 
locally adaptive traits as result of selection for different genotypes in different 
environments (Linhart and Grant 1996, Kawecki et al. 2004). Ecotype differentiation is 
an alternative (but non-exclusive) mechanism to phenotypic plasticity that plants may use 
to cope with environmental heterogeneity (Bradshaw and Hardwick 1989). Populations 
can genetically differentiate to become locally adapted (Futuyma and Moreno 1988, 
Kawecki and Ebert 2004, Gould et al. 2014). Thus, local adaptation is considered an 
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evolutionary response that maximizes fitness between environments (Futuyma and 
Moreno 1988).  
Local adaptation is the result of divergent selection in a specific habitat with a 
discrete spatial variation (Kawecki and Ebert 2004). It can be constrained by genetic drift 
in small populations, gene flow, genetic architecture of traits, and temporal 
environmental variability (Kawecki and Ebert 2004, Hereford 2009). In plants, local 
adaptation can be limited by factors such as long distance immigration followed by 
hybridization, and gene flow via pollen, seed and spore movement which influence 
population structure (Linhart and Grant 1996).  
 
Reciprocal transplant and common garden experiments are the most common 
approaches to test local adaptation. Reciprocal transplant experiments can test directly the 
role of a particular environmental factor or divergent selection that drives local 
adaptation. Common garden experiments allow us to identify whether phenotypic 
differences among sites are due to environmental effects or genetic differentiation 
(McGraw and Antonovics 1983; Ghalambor et al. 2007, Whitlock 2015).  However, this 
design does not reflect all the components of the original habitat as a reciprocal transplant 
does (Linhart and Grant 1996, Kawecki and Ebert 2004).  
 
Trait variation under hybridization 
Hybridization is recognized as an important component of plant evolution 
(Rieseberg et al. 1999). It could break up the genetic architecture of differentiated 
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populations or species providing material for rapid adaptation and an explanation for 
niche divergence and phenotypic novelty (Rieseberg et al. 1999). In addition, 
hybridization could increase intraspecific genetic diversity, produce new ecotypes or 
species, and reinforce or breakdown reproductive barriers (Rieseberg 1997, Wolf et al. 
2007).   
Hybrids can exhibit heterosis (hybrid vigor), inbreeding depression or outbreeding 
depression (Charlesworth and Charlesworth 1987, Lynch 1991, Oostermeijer et al. 1995, 
Byers 1998). Heterosis is considered a benefit of hybridization because it can hide 
deleterious recessive alleles or produce overdominace (Verhoeven et al. 2011), and 
occurs when there is an increased fitness of hybrids relative to their parental lines (Prentis 
et al. 2008). Genetic mechanisms that can explain heterosis are the masking of rare 
recessive alleles that are homozygous in the parental populations, and overdominance 
effect (heterozygous superiority) (Lynch 1991, Falconer and Mackay 1996, Rieseberg et 
al. 1999), or epistasis, the non-additive effects of genes that interact at different loci 
(Falconer and Mackay 1996), particularly favorable additive*additive epistasis 
interactions (Lynch 1991).  
 
Inbreeding and outbreeding depression occur when there is a reduced fitness on 
hybrids relative to their parents (Fenster and Galloway 2000). Inbreeding depression is 
generally attributable to homozygosity of recessive deleterious alleles or loss of 
overdominance (Lynch 1991), whereas it is suggested that outbreeding depression can 
occur through two distinct mechanisms: (1) disrupting allelic coadaptation 
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(underdominance or complementary epistasis), or (2) disrupting local adaptation to 
environmental conditions (Waser and Price 1989). Outbreeding depression is most likely 
detected after the F2 generation (Lynch 1991, Campbell et al. 2008). Outbreeding 
depression appears as result of recombination and independent assortment (Etterson et al. 
2007).  
 
Arabidopsis thaliana as a study system 
Arabidopsis. thaliana is a small annual weedy herb that occurs naturally 
throughout ruderal places (Tonsor et al. 2005). It is native from Eurasia and North Africa 
(Sharbel et al. 2000). The species was introduced in North America around 300 years ago 
(Platt et al. 2010). Different studies have been focused on the biogeographical and 
historical distribution of A. thaliana across its range of distribution. It is known that this 
species colonized its native range during the Pleistocene through migration and 
admixture of populations from different refugia (Sharpel et al. 2000). Some of the 
proposed refugia are the Iberian Peninsula, southern Italy, the Balkan region and central 
Asia (Sharpel et al. 2000, Francois et al. 2008). Molecular analyses concluded that the 
Iberian Peninsula and Asia are the two main refugia (Sharpel et al. 2000), that the major 
migration occurred from the east (Asia) to the west (Europe) part of the range of 
distribution of the species (Francois et al. 2008). 
 
A. thaliana provides an interesting model system to study functional and genetic 
mechanisms of adaptation because of its small size, ease of propagation, short life cycle 
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and enormous genetic resources that are available (Agren and Schemske 2012). In 
addition, A. thaliana is a good system to study admixture. Although A. thaliana has a 
primarily selfing mating system, in which natural outcrossing and admixture are rare, 
admixture occurs in nature frequently enough to influence population structure and 
generate clear signals of isolation by geographic distance (Platt et al. 2010). Furthermore, 
hybrids can be created by emasculating the flowers and manually pollinating individual 
plants, allowing us to control and replicate admixture events.  
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Abstract 
 
Adaptation to heterogeneous environments can occur via phenotypic plasticity, but how 
often this occurs is unknown. Reciprocal transplant studies provide a rich data set to 
address this issue in plant populations because they allow for a determination of the 
prevalence of plastic versus canalized responses.  From 31 reciprocal transplant studies, 
we quantified the frequency of five possible evolutionary patterns: 1) canalized response-
no differentiation: no plasticity,  the mean phenotypes of the populations are not 
different, 2) canalized response-population differentiation: no plasticity, the mean 
phenotypes of the populations are different, 3) perfect adaptive plasticity: plastic 
responses with similar reaction norms between populations, 4) adaptive plasticity: plastic 
responses with parallel but not congruent reaction norms between populations and 5) 
non-adaptive plasticity: plastic responses with differences in the slope of the reaction 
norms. The analysis included 362 records: 50.8% life history traits, 43.6% morphological 
traits, and 5.5% physiological traits. Across all traits, 52 % of the trait records were not 
plastic, and either showed no difference in means across sites (17 %) or differed among 
sites (83%). Among the 48 % of trait records that showed some sort of plasticity, 49.4 % 
showed perfect adaptive plasticity, 19.5 % adaptive plasticity, and 31 % non-adaptive 
plasticity. These results suggest that canalized responses are more common than adaptive 
plasticity as an evolutionary response to environmental heterogeneity.  
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Introduction 
Adaptation to environmental heterogeneity can occur in a variety of ways. Natural 
selection is expected to favor trait values that maximize fitness within a local 
environment (Linhart and Grant 1996; Anderson et al. 2014), but between environments, 
there are two possible evolutionary responses. Populations can differentiate genetically so 
as to become locally adapted (Futuyma and Moreno 1988; Kawecki and Ebert 2004; 
Gould et al. 2014) or individuals may be phenotypically plastic, expressing the optimal 
phenotype in both environments with no genetic differentiation (Bradshaw 1965; 
Schlichting 1986; Schlichting and Smith 2002).  
Plasticity has been suggested as an adaptive mechanism that allows plants to 
optimally respond to environmental heterogeneity (Alpert and Simms 2002; Callahan et 
al. 2005). However, plasticity can be disfavored under a variety of circumstances, in 
some cases resulting in apparent maladaptive plasticity (Scheiner 2013). Non-adaptive 
plasticity can occur when a new environment induces a phenotype that is further away 
from the optimal phenotype (Ghalambor et al. 2007).  
When the environment is spatially heterogeneous, local adaptation is expected if 
there is limited gene flow. However, when gene flow is extensive and there is a reliable 
environmental cue, phenotypic plasticity is favored (Emery 2009; Scheiner 2013). 
Extensive theoretical work has shown a broad ranges of conditions that favor or disfavor 
plasticity vs. local adaptation (e.g., Levins 1963; Cohen 1968; Orzack 1985; Lynch and 
Gabriel 1987; Moran 1992; Gavrilets and Scheiner 1993; Sasaki and De Jong 1999; Tufto 
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2000; de Jong and Behera 2002; Sultan and Spencer 2002; Lande 2009; Scheiner 2013). 
However, we do not know how frequently such conditions are met. In the literature, it is 
frequently assumed that plasticity, especially adaptive plasticity, is very common 
(Schlichting 1986; Agrawal 2001; Sultan and Spencer 2002; Crispo et al. 2010; Nicotra et 
al. 2010; Valladares et al. 2014). Two prior studies (Leimu and Fischer 2008; Hereford 
2009) examined the prevalence of local adaptation but focused exclusively on traits 
closely related to fitness. For example, Leimu and Fischer (2008) examined the evidence 
from reciprocal transplant studies and reported local adaptation in 45% of 35 plant 
studies. In the remaining 55% of the cases that did not show local adaptation, Leimu and 
Fischer did not specifically address the type and prevalence of phenotypic plasticity. In a 
study that included both animals and plants, Hereford (2009) found evidence of local 
adaptation in 71% of reciprocal transplant studies but also did not classify the type and 
prevalence of phenotypic plasticity. Moreover, these studies were limited to traits related 
to fitness so could not address if some traits were more likely to be locally adapted and 
other traits within the same species were phenotypically plastic.  
Our analysis differs from earlier studies that used data from reciprocal transplants 
to focus exclusively on the question of local adaptation and fitness. In contrast, in this 
study we use the data from such studies to address the prevalence and type of phenotypic 
plasticity for all possible traits (morphological, physiological and life history). 
Secondarily we also address how often that plasticity appears to be adaptive. Our 
secondary question requires an assumption about whether populations are adapted to their 
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resident habitats, an issue we return to in the Discussion. We confine our analysis to 
reciprocal transplant studies on plants because plants are sessile and the physical 
environment at a local spatial scale directly determines their survival and growth. 
Reciprocal transplant experiments allow us to identify whether phenotypic differences 
among sites are due to environmental effects or genetic differentiation (McGraw and 
Antonovics 1983; Ghalambor et al. 2007). Yet in plants, the high degree of spatial 
variation that can occur at local scales (Linhart and Grant 1996) sets the stage for 
plasticity to be an important mechanism of adaptation to fine scale environmental 
heterogeneity.  
We categorize five possible evolutionary patterns based on the traits of a 
population in its resident environment and in its non-resident environment relative to the 
other population in that non-resident environment. First, canalized response-no 
differentiation, refers to the situation in which there are no plastic responses between the 
two environments and also the means are not different. Thus, the phenotype in the 
resident environment is the same as that in the non-resident environment and the same for 
both populations (Fig. 2.1). Second, canalized response-population differentiation, refers 
to the conditions in which neither population is plastic between the two environments; in 
addition, the mean phenotypes of the two populations are different (Fig. 2.1). Next, we 
categorize three types of phenotypic plasticity following Ghalambor et al.  
(2007). First, perfect adaptive plasticity refers to the conditions in which there are 
different phenotypic responses between the environments but the reaction norms between 
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the two environments are not different. In this case, both populations exhibit phenotypic 
plasticity with the non-resident population exhibiting a similar or the same phenotype as 
the resident population (Fig. 2.1). Second, adaptive plasticity refers to when the resident 
population and the population that is non-resident respond in a similar way to the 
environment resulting in parallel but not congruent reaction norms; thus, the phenotypic 
expression of the non-resident population does not match the phenotypic expression of 
the resident population. Third, non-adaptive plasticity refers to the situation in which both 
populations are plastic across the two environments, but the slopes of the reaction norms 
are different (Fig. 2.1). In this last case, the mismatch in slopes that we refer to as non-
adaptive plasticity can occur in two different ways. First, reaction norms can be steeper 
than the optimum reaction norm (Fig. 2.1). It may occur when the phenotypic expression 
in the non-resident environment is in the correct direction but overshoots the optimal 
expression. Second, wrong-sign non-adaptive plasticity (Fig. 2.1). It occurs when the 
slope of the reaction norm is in the opposite direction than the optimal reaction norm. We 
recognize that our analysis focuses on among-site environmental heterogeneity and does 
not address possible patterns of adaptation to within-site or micro-environmental 
heterogeneity. However, we have no reason to expect that the general patterns found 
among sites should differ within sites. 
 Our central question is addressed by calculating the relative number of traits that fit 
the non-plastic evolutionary scenarios versus those that fit the plastic ones. The 
secondary question is addressed by partitioning the total traits analyzed among the five 
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evolutionary responses to the environment (canalized response-no population 
differentiation, canalized response-population differentiation, perfect adaptive plasticity, 
adaptive plasticity and non-adaptive plasticity). Thus, our framework allows us to 
simultaneously evaluate in a synthetic framework different evolutionary responses to the 
environment.  
Methods 
Data collection 
We searched for published papers from the ISI Web of Science using the keywords “local 
adaptation”, “reciprocal transplant” and “adaptive evolution”. We also looked for papers 
included in similar meta-analyses (e.g., Leimu and Fischer 2008; Hereford 2009). Most 
of these studies were not focused on the evolution of phenotypic plasticity and, thus, 
more likely to be representative of patterns of plasticity. Studies involving newly invasive 
species were not included (see Discussion).  
In contrast with other meta-analysis (e.g., Leimu and Fischer 2008; Hereford 
2009), we only used reciprocal transplant studies (i.e., at least two populations grown in 
their resident and a non-resident environment). Thus, we excluded studies that used a 
common garden approach or measured plasticity in the greenhouse or field plots. In 
addition, each of our chosen studies had to measure at least 10 individuals from each 
population and to have reported a measure of intrapopulation variation (i.e., variance, 
standard deviation, standard error). For multiyear studies, we used the data only from the 
first year for consistency among the studies. For each of the studies selected, we recorded 
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the mean of each trait, its variation, and  sample size. We represent these reciprocal 
transplant experiments using the following notation: A in A (‘AinA’) represents 
population A grown in its resident environment A, A in B (‘AinB’) represents population 
A growing in the non-resident environment B, B in B (‘BinB’) represents population B 
growing in its resident environment, and B in A (‘BinA’)  represents population B 
growing in the non-resident environment of population A (Fig. 2.1).  
  
Data analyses  
We subsequently analyzed our data set in two different ways: by ‘paired’ record 
and then by ‘blocked’ record. We considered a paired population record to consist of a 
population grown in both its resident and non-resident environment, e.g., both AinA and 
AinB, and BinB and BinA are pairs. Here, we analyze each population within a study 
independently from the other population for each trait. We considered a blocked record to 
consist of the pair of pairs, e.g., AinA, AinB, BinB, and BinA for a given study. Here, we 
analyze both populations within study together for each trait. We estimate the prevalence 
of plasticity using both methods of analysis, i.e. by paired and by blocked records. We 
further decompose plasticity into five subcategories, i.e., canalized response and no 
differentiation, canalized response and population differentiation, perfect adaptive 
plasticity, adaptive plasticity and non-adaptive plasticity. We first estimated the 
prevalence of plasticity in each population by computing the standardized difference 
16 
 
between trait values in resident (record value reported as AinA or BinB) and non-resident 
environments (record value reported as AinB or BinA):  
|
(𝐴𝑖𝑛𝐴)−(𝐴𝑖𝑛𝐵)
(𝐴𝑖𝑛𝐴)
|  or |
(𝐵𝑖𝑛𝐵)−(𝐵𝑖𝑛𝐴)
(𝐵𝑖𝑛𝐵)
|        eq. 1 
where this metric is a proxy for phenotypic plasticity. The metric ranges from 0 to 
infinity with values near 0 indicating a lack of plasticity and values away from 0 are 
indicative of plasticity. We also calculated the prevalence of plasticity using equation 1 
but using the block analysis; here the equation has the additional condition that both 
paired populations had to be classified as plastic for a block to be considered plastic, i.e., 
the same trait for both populations had to be scored above the threshold to be categorized 
as being plastic. The fractional estimates of plasticity using paired and blocked analyses 
were normalized using different subsets of the records, so that we do not necessarily 
expect that the block estimates of plasticity should be less than the paired estimates.   
We choose a threshold effect size of 0.53 to categorize records as plastic or non-
plastic as well as to distinguish other categorizations as noted below. This threshold was 
based on the mean coefficient of variation (CV) calculated across all traits and studies. 
This effect size is equivalent to one standard deviation, a difference that would be 
statistically significant at P<0.05 for a sample size of 10, our minimum sample size. We 
report the fraction of records displaying phenotypic plasticity based on this threshold, but 
recognize that this threshold is somewhat arbitrary. We therefore also performed a 
sensitivity analysis where both doubled and halved the threshold value was used to assess 
resultant changes in our results.  Furthermore, we also calculate the cumulative 
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distribution function (CDF), which represents the fraction of records within a given 
threshold value, and thus is a measure of the fraction of a population within a given effect 
size. The inclusion of the CDF plot for this metric and the others that follow allows the 
reader to choose their own threshold value. 
We subclassified records categorized as non-plastic into two categories, canalized 
response-no population differentiation and canalized response-population differentiation, 
using blocked records (Fig. 2.1). We define blocks as being a canalized response-no 
population differentiation based on a lack of difference across populations and 
environments, whereas a canalized response-population differentiation is characterized 
based on trait differences at the threshold of 0.53. Our assessment was based on the 
following metric: 
                                                    |
𝑀𝑒𝑎𝑛(𝐴𝑖𝑛𝐴,𝐴𝑖𝑛𝐵)−𝑀𝑒𝑎𝑛(𝐵𝑖𝑛𝐵,𝐵𝑖𝑛𝐴)
𝑀𝑒𝑎𝑛(𝐴𝑖𝑛𝐴,𝐴𝑖𝑛𝐵,𝐵𝑖𝑛𝐵,𝐵𝑖𝑛𝐴)
|                           eq. 2 
This metric varies on the range 0 to infinity, with values near 0 indicating no 
difference in traits across populations from two environments (i.e., canalized response-no 
population differentiation), while values away from 0 are representative of different trait 
values (i.e., canalized response-population differentiation). We used the 0.53 threshold to 
distinguish between these cases.  
We subcategorized population trait records that were classified as plastic based on 
analysis of paired records. We estimated the difference between the trait value in the 
resident and non-resident environments, standardized by the difference in the resident 
populations grown in each environment:               
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                                       |
𝐴𝑖𝑛𝐵−𝐵𝑖𝑛𝐵
𝐴𝑖𝑛𝐴−𝐵𝑖𝑛𝐵
|  or |
𝐵𝑖𝑛𝐴−𝐴𝑖𝑛𝐴
𝐵𝑖𝑛𝐵−𝐴𝑖𝑛𝐴
|                            eq. 3      
This metric varies on the range 0 to infinity, with values from 0 to our 0.53 threshold 
representing perfect adaptive plasticity (cases where the non-resident population had trait 
values that closely matched those of the resident population when both were grown in the 
environment of the resident population). Values less than 1 but greater than 0.53 
represent adaptive plasticity  (cases where the trait values of non-resident populations 
moved closer to the resident trait values, but were less close than those classified as 
perfectly adaptively plastic ). Finally, values greater than 1 represent non-adaptive 
plasticity (cases where the trait values of non-resident populations diverged from resident 
populations when grown in the environment of the resident population).  We furthermore 
characterized non-adaptive plasticity into reaction norms that are ‘ too steep’ resulting in 
an overshooting of the optimal trait value, which was identified by the following 
condition, for example, for population A: (AinA>BinB and AinB<BinB) or (AinA<BinB 
and AinB>BinB). ‘Wrong-sign’ non-adaptive plasticity occurs when the slope of the 
reaction norm is in an  opposite  direction to that of the optimal reaction norm, e.g., 
identified when (AinA>BinB and AinB>AinA) or (AinA<BinB and AinB<AinA).  
We also categorized plasticity based on the difference between the trait values of 
paired populations grown in two environments using blocked records.  In this metric, we 
choose the larger of the two differences, and standardizing by the difference in mean trait 
values grown in each environment:  
                                            
𝑀𝑎𝑥|(𝐴𝑖𝑛𝐴−𝐵𝑖𝑛𝐴),(𝐵𝑖𝑛𝐵−𝐴𝑖𝑛𝐵)|
|(𝑀𝑒𝑎𝑛(𝐴𝑖𝑛𝐴,𝐵𝑖𝑛𝐴))−(𝑀𝑒𝑎𝑛(𝐵𝑖𝑛𝐵,𝐴𝑖𝑛𝐵))|
                              eq. 4 
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This metric again varies on the range 0 to infinity and is interpreted similarly to eq. 3, 
with values near 0 representing perfect adaptive plasticity and values away from 0 
represent either adaptive or non-adaptive plasticity.  The use of both eq. 3 and eq. 4 
provides for an additional measure of the robustness of our results. 
We bootstrapped confidence intervals for the CDFs using 5000 resampled data 
sets and three resampling methods. The first method was to resample the original records 
with replacement. Each resampled record consisted of a set of all four trait values (AinA, 
AinB, BinB, BinA), which were resampled as a single unit. In the second method, we 
resampled the sets as above but then also generated a new value for each member of the 
set using the standard error of the mean for each trait, calculated from the reported mean 
and standard error of a record, and assuming a correlation of 0 between each member of 
the set. In the third method, we set the correlation among the random deviates to be 1, so 
that the random deviates of each component of a set were perfectly correlated. The 
contrasting assumptions of correlations of 0 and 1 among random deviates allow us to 
bracket the range of likely correlations among populations, assuming that correlations 
were non-negative. All analyses were done in R, ver. 2.15.0; the code is available from 
the authors upon request.  
 
Results 
We found 31 studies that met our criteria (Table S2.1). The studies included 15 plant 
families, representing different life histories (herbaceous annual and perennials, grasses 
and shrubs) and 9 different environments. Of the 31 studies, four were on shrubs, four 
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were on grasses and the remainder were on herbaceous plant and these were split equally 
among annual and perennial plant species (Table S2.1). The data consisted of 181 records 
(individual traits) and the number of traits per study ranged from 1-14 with a median of 3 
traits, (Table S2.1). All traits measured in a study were included in the analyses: 50.8% of 
the records were life history traits, 43.6% were morphological traits, and 5.5% were 
physiological traits. By including all measured traits, we reduced possible selection bias 
by the investigator. 
We found that nearly two-thirds (64.1%) of the trait records showed no plasticity 
when analyzed by population pairs (Fig. 2.2; Table 2.1A), and over half (51.9%) were not 
plastic when analyzed by block (Table 2.1B). Our sensitivity analyses showed that a large 
proportion of the records showed no plasticity even when we shifted the threshold to half 
its value (i.e., 0.265), with 44.2% of the records being non-plastic by pair and 33.7% non-
plastic by block (Table S2.2). On the other hand, if the threshold was doubled (1.06), the 
majority of the records were non-plastic with 91.2% by pair and 83.4% by block (Table 
2.S3). We bootstrap the data to illustrate the uncertainty in our results (i.e., Figs. 2-5). 
In the block analyses and using eq. 2 for those traits records that showed no 
plasticity, only a small subset of our non-plastic records were canalized response-no 
population differentiation (8.8%), meaning that there was no local differentiation (Fig. 
2.1, 3) but the majority (43.1%) showed trait differences between the population pairs 
(Fig. 2.3, Table 2.1). The remaining trait records (48.1%) were plastic. If we consider 
only the plastic traits by block and apply eq. 3, then we found that 49.4% of the total 
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records showed perfect adaptive plasticity (Table 2.1), 19.5% indicated adaptive plastic 
and 31% showed non-adaptive plasticity (Figs. 2.4, 2.5; Table 2.1). Of traits that showed 
non-adaptive plasticity, 31.5% had steeper reaction norms and 68.5% had wrong-sign 
reaction norms. The percentage of perfect adaptive plasticity was consistent for the two 
equations we used, 49.4% when using eq.3 and 44.3% when using eq. 4 (Fig. 2.4). When 
we doubled or halved our threshold, the proportion of plastic traits changed to 16.6%  
(Table 2.S3) or 66.3% respectively, primarily due to substantial increases in the number 
of records classified as having different reaction norms (adaptive or non-adaptive 
plasticity; Table S2.2). The percentage of records classified as having different slope 
reaction norms (non-adaptive plasticity) was similar for the three thresholds (0.53, 0.265 
and 1.06) at 31%, 30.8%, and 25%, respectively.  
When partitioned by type of trait, life history and morphological traits showed 
similar patterns to each other and to the overall pattern (Table 2.1). Physiological traits 
differed in their pattern, but their sample size was substantially smaller and thus, too 
small to draw firm conclusions. The similarity between life history and morphological 
traits persisted when we changed the thresholds (Table S2.2, S2.3).  
The individual studies varied in the number of traits measured. If the traits were 
highly correlated then we would expect all of the traits in a given study to be scored with 
the same pattern, indicating that our estimate of the frequency of the various patterns 
might be biased. To address this partial bias, we examined whether the same pattern were 
clustered within studies. We found no such tendency (Fig. S2.1).  
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Discussion 
Phenotypic plasticity is assumed to commonly occur in plant populations 
(Schlichting 1986, Dudley and Schmitt 1996, Franks et al. 2014, Merila and Henry 2014) 
but has been hypothesized to differ between fitness and non-fitness related traits (Sultan 
2000). However, in our study across all traits, we found that plasticity was not as 
common as non-plastic responses. When we examine plasticity in only traits related to 
fitness, we also find that plasticity was not as common as canalization. Fitness related 
traits should have reduced plasticity because they are under stronger selection 
(Kingsolver et al. 2012). However, the life history traits that we included in our analysis 
are fitness components, rather than absolute measures of an individual’s fitness. It may be 
that trade-offs in the plasticity expressed among fitness components result in overall 
lower levels of plasticity for fitness itself. Unfortunately, these data do not permit an 
analysis of trade-offs among traits because trait correlations were rarely reported; this 
question remains for future studies. 
Our analyses were predicated on a key assumption. We assumed that each 
population in a reciprocal transplant experiment was optimally adapted to its resident 
environment, and that the trait expression of the resident population in its own 
environment measured the optimal phenotype in that environment. We emphasize that the 
above assumption does not affect the answer to our core question (i.e. the prevalence of 
phenotypic plasticity), but is necessary to address our secondary question (i.e. how often 
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plasticity appears to be adaptive). Ideally we would want to know the relationship 
between each trait and its effect on fitness, but such data are not available. Instead we 
assumed that each population is currently at its evolutionary equilibrium in its resident 
environment and thus has achieved an optimal phenotype in this location. Because our 
analyses required this assumption, we excluded studies of any newly invasive species that 
were unlikely to be at this evolutionary equilibrium.  
Many studies have documented adaptive phenotypic plasticity (DeWitt and 
Scheiner 2014). For example, in a study on 13 populations of cork oak Quercus suber, 
plasticity for specific leaf area and leaf size was associated with an adaptive advantage 
for dealing with variable temperature and rainfall regimes (Ramírez-Valiente et al. 2010). 
Similarly, Anderson et al. (2012) found plasticity in flowering time in the species 
Boechera stricta (Brassicaceae) in response to temperature. In this case, phenotypically 
plastic genotypes were able to accelerate flowering time which resulted in a fitness 
advantage. A recent review by Franks et al. (2014) tested how frequently evolution or 
plastic responses occur in response to climate change and whether these two strategies 
co-occur. The majority of studies showed that both genetic and plastic responses are 
occurring in response to climate change and that these two strategies are not mutually 
exclusive. However, that analysis did not separate how much of the adaptive responses in 
each case were due to genetic or plastic changes in individual traits. Along with other 
studies, our study provides a framework for comparing the relative frequencies of 
adaptive plasticity and local adaptation or canalized responses. This comparison is 
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important because models of plasticity evolution make predictions about the relative 
frequencies of these evolutionary outcomes (e.g., Chevin and Lande 2011; Scheiner 
2013) and adaptive plasticity is often assumed to commonly occur (Chevin 2010, 
Valladares et al. 2014). 
If we define beneficial plasticity as plasticity that increases mean fitness across 
environments, (in our case, those traits showing perfect adaptive plasticity), then non-
plastic modes of adaptation (canalized response-no population differentiation + canalized 
response-population differentiation) are the more common evolutionary strategy (perfect 
adaptive plasticity =23.8% vs. all non-plastic outcomes = 51.9%). If we conservatively 
define beneficial plasticity to include both the perfect adaptive and adaptive plasticity 
classes, then beneficial plasticity still represents only 33.2% of the total trait records, 
again less than all non-plastic adaptation. Therefore, our analyses lead to the conclusion 
that adaptive plasticity is less common than canalization. This conclusion is robust to our 
assumption that populations are locally adapted because our conclusions are not 
predicated on showing that the empirical studies showing non-plasticity are in fact locally 
adapted.  
For plastic traits, our conclusions about the frequency of perfect adaptive 
plasticity represent an upper bound. If trait values of the resident populations do not 
represent the local optimum, then trait pairs categorized as having the same reaction norm 
(perfect adaptive) are not actually perfect. For population trait pairs categorized as having 
reaction norms with same slope and different intercepts, even if one of the pair is actually 
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the optimal or perfect reaction norm, the other cannot be, so our designation of 
“suboptimal” is still correct for that population trait pair. For population trait pairs having 
reaction norms with different slopes, if one is optimal the other has to be maladaptive. 
Thus, if our assumption is incorrect it would bias our results towards overestimating the 
frequency of beneficial plasticity, making perfect adaptive plasticity even less common 
than assumed.  
Our analyses required we make assumptions concerning the numerical value of 
the threshold for deciding when a trait fell within a given pattern. We had to choose some 
threshold and the trait-value distributions do not show any obvious breakpoint (Figs. 2-5). 
A sample size of 10 was the minimum sample size for inclusion in our analyses, so this 
threshold is conservative in categorizing means, elevations or slopes as different. In 
addition, the bootstrapping of the CDF takes into account the uncertainty of our results; 
moreover, we can choose different breakpoints and see how our assumptions alter our 
interpretation of the plasticity patterns as we did when we double or half our threshold 
value (Table S2.2, S2.3). Because the CDF was based on the pooled data and we are 
asking about the relative frequency of different categories; setting a threshold is similar to 
the process of interpreting the effects of a pooled effect size in a standard meta-analysis. 
The difference is that a standard meta-analysis is typically framed as a hypothesis test 
(e.g., Does treatment X differs by treatment Y across a set of studies?; Gurevitch and 
Hedges 2001) rather than as an analysis of relative frequencies.  
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 One check of our categorization is to compare it with those of Leimu and Fischer 
(2008) and Hereford (2009) for those traits that were common among the studies, 29 for 
the former and 20 for the latter. Unfortunately, such a comparison cannot be done 
because of different criteria and assumptions. Both of these other studies examined traits 
that the authors categorized as fitness and assumed that greater values always represented 
higher fitness under the assumption that fitness is always under directional selection. In 
contrast, we assumed that even life history traits are just fitness components that may be 
under stabilizing selection. Both of the other studies used a different metric than we used. 
They categorized local adaptation by comparing the trait value of the resident population 
growing in the resident environment with that of the non-resident population growing in 
that same environment (compare with our eq. 1).  
One surprising result from our analyses is the relatively high frequency of non-
adaptive plasticity across all traits.  Yet, apparent maladaptive plasticity may not actually 
be so.  Recent simulation models identified two conditions under which selection might 
result in reactions that deviate from the optimum. In both instances, selection is on bet-
hedging rather than on plasticity per se. Scheiner and Holt (2012) found that 
hyperplasticity – a reaction norm much greater than optimal – could be selected for as a 
form of bet-hedging when the environment is highly heterogeneous and the 
environmental cue is unreliable. Scheiner (2014) found that if developmental instability is 
pleiotropic with plasticity, then selection for instability as a form of bet-hedging could 
result in maladaptive plasticity. Genetic correlations between trait plasticity and either 
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trait means or plasticities of other traits also could be responsible for non-adaptation. This 
last explanation is unsatisfying in that it attributes non-adaptation to unmeasured effects. 
More information on the quantitative and molecular genetics of plasticity is needed.  
 Under ideal conditions we expect plasticity to be favored over local adaptation any 
time that individuals or lineages experience heterogeneous environments due to either 
temporal variability or spatial heterogeneity coupled with movement (Lloyd 1984; Lively 
1986; Sultan 1987; Schlichting and Levin 1990). Thus, although the magnitude and 
pattern of plasticity can vary among organisms, traits and environments, plasticity is 
considered as a ubiquitous and common mechanism in nature (Murren et al. 2014). Yet, 
we found that adaptive plasticity was the less frequent outcome. This may indicate that 
local populations experience environmental heterogeneity less often than we might 
expect, or that other factors are inhibiting selection for plasticity. We find the first 
possibility unlikely, especially for plants, although it may be that the extent of 
environmental differences between the reciprocal transplant gardens was outside the 
range of environmental heterogeneity normally experienced within each population 
(Ghalambor et al. 2007). But that would not explain a lack of plasticity, as none of these 
populations came from strictly uniform environments.  
 Many factors can inhibit selection for plasticity, including various costs and 
limitations (DeWitt et al. 1998; Scheiner et al. 2012; Scheiner 2013, 2014). However 
there is little empirical evidence about the relative importance of those various factors. 
For some, such as costs of plasticity, the data are mixed (e.g., Scheiner and Berrigan 
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1998; van Kleunen et al. 2000; Weinig et al. 2006; Steiner and van Buskirk 2008; Aubret 
and Shine 2010). For others, such as links with developmental instability, the lack is due 
to technical difficulties of measurement (e.g., Tonsor et al. 2013). Lastly, for those such 
as cue reliability, the lack is mostly due to a failure to measure the relevant ecological 
and life history parameters. As theory now points to which conditions are more likely to 
favor plasticity or local adaptation, focused empirical studies can answer the question 
raised by our analysis: Why is local adaptation/canalization more common that adaptive 
plasticity? 
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Figure captions 
Figure 2.1. Five possible evolutionary responses to the environment: 1 canalized 
response-no differentiation, 2) canalized response-population differentiation, 3) Perfect 
adaptive plasticity:  plastic, reaction norms not different, 4) Adaptive plasticity: plastic, 
reaction norms with the same slope but different intercepts, and 5) Non-adaptive 
plasticity: plastic reaction norms that are steeper than the optimum or the slope of the 
reaction norm is in the opposite direction than the optimal reaction norm. Circles 
indicated the optimal phenotype for population A (open circle) and population B (closed 
circles). The figure only shows the reaction norm for population A. The end of the line 
shows the mean phenotype of population A growing in environment B, the foreign 
environment.  
 
Figure 2.2. Histogram and cumulative distribution function for population trait pairs 
indicating plastic versus not plastic. Population trait pairs with values below the threshold 
(0.53, indicated by the dashed vertical line in the histogram) for both traits were 
categorized as not plastic. 
 
Figure 2.3. Histogram and cumulative distribution function for non-plastic trait pairs with 
canalized response-no differentiation versus canalized response-population 
differentiation. Population trait pairs with values below the threshold (0.53, indicated by 
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the dashed vertical line in the histogram) were categorized as canalized response-no 
differentiation. 
Figure 2.4. Histogram and cumulative distribution function for population trait pairs with 
perfect adaptive plasticity versus adaptive plasticity or non-adaptive plasticity. Population 
trait pairs with values below the threshold (0.53, indicated by the dashed vertical line in 
the histogram) were categorized as being perfect adaptive plastic.   
 
Figure 2.5. Histogram and cumulative distribution function for trait pairs with plasticity.  
Trait pairs with values from 0 to 0.53 represent perfect adaptive plasticity, values less 
than 1 but greater than 0.53 represent adaptive plasticity, and values greater than 1 
represent non-adaptive plasticity.  
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Table Caption 
Table 2.1. A. The relative frequencies of plastic vs. non-plastic traits based on comparing 
trait values of a pair of sets of individuals from a single population grown in two 
locations. B. The relative frequencies of the five patterns based on comparing trait values 
of a block of four sets of individuals from two populations grown in two locations. All 
categorization was based on a CDF threshold of 0.53 (Figures 2.2-2.5).  
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Appendix captions 
Figure S2.1. Distribution of the different patterns of plasticity of the traits within each 
study. 
 
Table S2.1. Summary of the reciprocal transplant studies included in the analyses. 
Information includes: trait categories: Life history traits (LH), morphological traits (M), 
and physiological traits (P); traits; growth form (herb, shrub, grass); family; life form 
(Annual, Perennial). †Populations differ in their life form; environment. 
 
Table S2.2. A. The relative frequencies of plastic vs. non-plastic traits based on 
comparing trait values of a pair of sets of individuals from a single population grown in 
two locations. B. The relative frequencies of the five patterns based on comparing trait 
values of a block of four sets of individuals from two populations grown in two locations. 
All categorization was based on a CDF threshold of 0.265.  
 
Table S2.3. A. The relative frequencies of plastic vs. non-plastic traits based on 
comparing trait values of a pair of sets of individuals from a single population grown in 
two locations. B. The relative frequencies of the five patterns based on comparing trait 
values of a block of four sets of individuals from two populations grown in two locations. 
All categorization was based on a CDF threshold of 1.06.  
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Fig. 2.1 
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Fig. 2.2 
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Fig. 2.3 
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Fig. 2.4 
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Fig. 2.5 
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Table 2.1.  
 
A. Records by pair N Not plastic Plastic       
 
362 64.1 35.9 
                 
B. Records by 
block 
N Not plastic Plastic 
      
 
181 51.9 48.1     
 
    
Adaptive Plasticity 
 
   N 
Pattern 1:      
Canalization 
No 
differentiation 
Pattern 2:   
Canalization 
Population 
differentiation 
Pattern 3:  
Perfect 
Adaptive 
Plasticity 
Pattern 4:  
Adaptive 
Plasticity 
 
Pattern 5:    
Non 
adaptive  
Plasticity 
All 181 8.8 43.1 23.8 9.4 14.9 
Life history 92 8.7 39.1 23.4 10.9 17.9 
Morphological 79 6.3 45.6 26.6 7.6 13.9 
Physiological 10 30 60 10 0 0 
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Fig S 2.1 
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Appendices 
Table S 2.1 
Reference 
Trait 
Categories Trait  
Growth 
form Family 
Life 
form  Environment  
Anderson and Geber 
(2010) M Relative growth rate Shrub Ericaceae Perennial Deciduous forest  
Bennington and McGraw 
(1995) M Leaf area Herb Balsaminaceae Annual Deciduous forest  
  LH CH/CL No. of seed         
  LH Mean no. CH seed/capsule         
  LH Fitness         
Callahan and Pigliucci 
(2002) M Leaf number Herb Brassicaceae Annual Old field 
  LH Bolting day         
  LH Rossette diameter         
  LH Influorescence height         
  LH No. of fruits         
Chapin and  Chapin 
(1981) M Tiller height Herb Cyperaceae Perennial Alpine tundra 
  M Number of leaves         
Donohue et al. (2000) LH Fitness (No. Seeds) Herb Balsaminaceae Annual Old field 
  LH Relative fitness(LS means)         
Donohue et al. (2001) M Internode 1 Herb Balsaminaceae Annual Old field 
  M Internode 2         
  M Height         
  M No. of nodes         
  LH Primary flowers         
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  M Primary branches         
  LH Quiescent buds         
  M Leaf length         
  LH Flowering date         
  LH Fitness (No. seeds)         
  LH Relative fitness         
Emms et al. (1997) M Leaf area Herb Iridaceae Perennial Wetland 
  LH Survival         
  M New ramets per rizhome         
Etterson (2004) LH Log fecundity Herb Fabaceae Annual Desert 
  M Log leaf number         
  M Log specific leaf area         
  LH Reproductive stage         
Fornoni et al. (2003) M Plant size (leaf number) Herb Solanaceae Annual Tropical dry forest  
  LH Fitness         
  M Resistance         
Fritsche and Kaltz (2000) M Number of ramets Herb Lamiaceae Perennial Old field  
  LH Vegetative reproduction         
  LH Proportion surviving plants         
  LH Proportion of flowering plants         
Godoy et al. (2011) M Height Herb Lamiaceae Perennial 
Temperate 
rainforest   
  M Change in height         
  M Cover area         
  M Change in cover area         
  M Leaf number         
  M Change in No. of leaves/month         
  
 
4
9
 
  LH No.of inflorescences/individual         
Griffith and Watson 
(2005) LH Pre flowering branches Herb Asteraceae Annual Old field 
  LH Senescence time         
  LH Flowering time         
Hall and Willis (2006) LH Corolla width Herb Scrophulariaceae  † Coastal  
  LH Corolla tube length         
  M Leaf width         
  M Stem thickness         
  LH Days to flowering         
  M Leaves produced         
  M Maximum height         
  LH Maximum rossette diameter         
  LH Survival to flowering         
  LH Flowers per plant         
  LH Seeds per flower         
  LH Flower/plant (flowering only)         
  LH Seeds/plant (flowering only)         
  LH Seed per plant         
Hall et al. (2010) M Maximun rossette diameter Herb Scrophulariaceae  † Coastal  
  M Plant height         
Helenurm (1998) LH Fruit production per plant Herb Fabaceae Annual Desert 
Hereford and Moriuchi 
(2005) LH Seed weight Herb Rubiaceae Annual Old field 
  LH Proportion germinating          
Heschel et al.( 2002) P Carbon assimilation rate (A) Herb Balsaminaceae Annual Old field 
  P Stomatal conductance (g)         
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  P Water-use efficiency (WUE)         
Jakobsson and Dinnetz 
(2005) M Log rossette size Herb Asteraceae Perennial Old field 
  M Leaf width         
  M Teeth per leaf         
  M Plant height         
  M Internode length         
  M Nodes per second branch         
  M Length of longest leaf         
Jordan (1992) LH Seeds/plants 1983 Herb Rubiaceae Annual Old field 
  LH Survival         
Knight and Miller (2004) M Number of Leaves  Herb Araliaceae Perennial Coastal  
  M Internode length          
  M Petiole length         
  M Leaf width         
  M Mean biomass          
Lowry and Willis (2010) LH Days to flowering Herb Scrophulariaceae  † Coastal  
  LH Flower produced         
Miller and Weis (1999) M Leaf length Shrub Asteraceae Perennial Coastal  
Platenkamp (1990) LH Mean number of inflorescences Grass Poaceae Perennial Grassland 
Radford and Cousens 
(2000) LH Survival percentage Herb Asteraceae  † Coastal  
Rice and Mack (1991) LH 
Percentage of survival to 
reproduction Grass Poaceae Annual Desert 
  M Individual plant dry weight         
  LH Average No. of seed per plant         
  LH Net reproductive rate         
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Richards et al. (2011) P WUE Shrub Asteraceae Perennial Coastal  
  P Leaf calcium         
  M Final height         
  P Leaf phosphorous         
  P Leaf Nitrogen         
  P Leaf Potassium          
  M Leaf size         
  M Total leaves         
  P Leave Sodium         
  P Leaf Magnesium         
  M Succulence         
  M Total biomass         
Scheiner and Teeri 
(1986) M No. of culms Herb Poaceae Perennial Old field 
  M Length longest vegetative leaves         
  LH No.of flowering stalks         
  LH Mean No. flowering stalk length         
  LH Mean No. of spikelets         
  M Flag leaf length         
  LH No. of days to spikelet emergence         
  LH 
No. of days from spikelet 
emergence to seed release         
  M 
Percentage of aboveground 
biomass as flowering stalks         
  M Total plant dry weight         
Stanton and Galen (1997) M Leaf  number Herb Polemoniaceae Annual Alpine tundra 
  M Leaf length   Ranunculaceae Perennial   
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Verhoeven et al. (2004) LH Viability Grass Poaceae Perennial Coastal  
  LH Heads/plant         
  LH Seeds/head         
  LH Seed weight         
Volis et al. (2002) LH Fecundity Herb Ranunculaceae Perennial Desert 
  LH Survival of seedling Grass Poaceae Annual   
Wang et al. (1997) LH 
No. of inflorescences per 
flowering  Shrub Asteraceae Perennial Desert 
  LH Average total inflorescence length          
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Table S2.2  
 
A. Records by pair N Not plastic Plastic       
 
362 44.2 55.8 
                 
B. Records by 
block 
N Not plastic Plastic 
      
 
181 33.7 66.3     
 
    
Adaptive Plasticity 
 
   N 
Pattern 1:      
Canalization 
No 
differentiation 
Pattern 2:   
Canalization 
Population 
differentiation 
Pattern 3:  
Perfect 
Adaptive 
Plasticity 
Pattern 4:  
Adaptive 
Plasticity 
 
Pattern 5:    
Non 
adaptive  
Plasticity 
All 181 6.6 27.1 21.5 24.3 20.4 
Life history 92 5.4 29.3 18.5 22.8 23.9 
Morphological 79 6.3 22.8 25.3 27.8 17.7 
Physiological 10 20 40 20 10 10 
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Table S2.3  
 
A. Records by pair N Not plastic Plastic       
 
362 91.2 8.8 
                 
B. Records by 
block 
N Not plastic Plastic 
      
 
181 83.4 16.6     
 
    
Adaptive Plasticity 
 
   N 
Pattern 1:      
Canalization 
No 
differentiation 
Pattern 2:   
Canalization 
Population 
differentiation 
Pattern 3:  
Perfect 
Adaptive 
Plasticity 
Pattern 4:  
Adaptive 
Plasticity 
 
Pattern 5:    
Non 
adaptive  
Plasticity 
All 181 19.9 63.5 13.5 0 3 
Life history 92 21.7 58.7 16.8 0 2.7 
Morphological 79 16.5 68.4 11.4 0 3.8 
Physiological 10 30 70 0 0 0 
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CHAPTER 3: DIFFERENTIAL SPLICING OF FLM PARTIALLY 
EXPLAINS HIGH TEMPERATURE-INDUCED FLOWERING TIME 
PLASTICITY IN WILD ECOTYPES OF ARABIDOPSIS THALIANA 
 
KATTIA PALACIO-LÓPEZ, JILL C. PRESTON AND JANE MOLOFSKY 
 
Department of Plant Biology, University of Vermont, Burlington, Vermont 05405 
 
Running head: Flowering time plasticity under high temperatures 
 
Key words: Arabidopsis thaliana; flowering time; high temperature stress; 
FLOWERING LOCUS M; phenotypic plasticity; SHORT VEGETATIVE PHASE.  
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Abstract 
Premise of research. Recent increases in global temperature have been shown to 
adversely affect the reproductive success of certain plant species. It is predicted that plant 
taxa exhibiting phenotypic plasticity in flowering traits might be able to tolerate increased 
mean annual temperatures better than less plastic taxa. However, the underlying genetic 
and developmental mechanisms for phenotypic plasticity in response to high 
temperatures are only starting to be elucidated.  
 
Methodology. We characterized flowering time plasticity in 14 wild ecotypes of 
Arabidopsis thaliana under 18°C and 26°C, and determined whether alternative splicing 
of the ambient temperature flowering pathway gene FLOWERING LOCUS-M (FLM), 
and expression of SHORT VEGETATIVE PHASE (SVP) can explain flowering time 
plasticity in a subset of these ecotypes. 
 
Pivotal results. Our results demonstrate intraspecific variation in A. thaliana temperature-
mediated phenotypic plasticity, and show that potentially stressful high temperatures do 
not dampen intraspecific variation in flowering time relative to lower temperatures, but 
do reduce variation across the ecotype means. Although average SVP expression is 
consistently lower in plants grown at 18°C versus 26°C, the ratio of FLM-β to FLM-δ 
only correlates with flowering time plasticity in three out of five ecotypes. Furthermore, 
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percent change in the FLM-β:FLM-δ ratio between temperatures does not explain 
plasticity in flowering time across all populations. 
Conclusions. A. thaliana ecotypes respond plastically in flowering time to changes in 
temperature, with higher temperatures causing a general shift toward early flowering. 
Although SVP and FLM-β expression tracks reaction norms, we failed to find evidence 
supporting a role for plasticity of alternative FLM splicing in intraspecific flowering time 
variation when ecotypes of A. thaliana were grown under moderate versus high 
temperatures. This suggests other, as yet unexplored, genetic regulators of high 
temperature flowering time plasticity across the natural range of A. thaliana. 
 
Introduction 
Short term global warming trends have the potential to impact plant fitness by 
reducing or increasing growth, productivity, and ultimately reproductive success (Chapin 
et al. 1995; Henry and Molau 1997; Nyléhn and Totland 1999). The response of different 
species to warming will depend on their ability to tolerate, and/or evolve in response to 
new thermal conditions (Nicotra et al. 2010; Fournier-Level et al. 2016). In the case of 
tolerance, current genotypes that can produce multiple phenotypes (i.e. that are 
phenotypically plastic) in response to thermal heterogeneity across growing seasons are 
expected to have higher fitness than their non-plastic counterparts (Linhart and Grant 
1996; Alpert and Simms 2002; Callahan et al. 2005; Sheth and Angert 2014). The 
evolutionary trajectory of plasticity over the long term will depend on the degree of year-
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to-year environmental homogeneity (which can lead to canalization) or heterogeneity 
(which favors plasticity), and the genetic basis underlying the trait (Schlichting and 
Pigliucci 1998; Crispo 2008; Murren et al. 2014). 
One of the most important phenotypically plastic life history traits in annual 
plants is the timing of flowering (also known as bolting time in some species), which 
influences plant allocation patterns and fitness (Franks et al. 2007). Flowering time 
regulation relies on the integration of both extrinsic (e.g. temperature) and intrinsic (e.g. 
developmental age) signals that promote reproduction at appropriate times during the 
growing season (Blázquez and Weigel 2000; Johanson et al. 2000; Sheldon et al. 2000; 
Pigliucci and Marlow 2001; Wellmer and Riechmann 2010). For example, plants grown 
under low and high temperatures tend to extend and contract their vegetative phase, 
respectively, marked by later or earlier flower production (Parmesan and Yohe 2003). In 
the annual weedy Eurasian native Arabidopsis thaliana (Brassicaceae), it has been 
suggested that early flowering can reduce fitness due to decreased biomass during the 
reproductive phase of development (Mitchell-Olds 1996). However, there is also 
empirical evidence that suggests the opposite; elevated overall temperatures of the 
growing season have been shown to accelerate flowering time in the field, and for some 
A. thaliana ecotypes it can accelerate vegetative development and increase fruit 
production (Springate and Kover 2014). A similar result was reported under growth 
chamber conditions, where higher fitness was associated with early flowering and greater 
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early allocation of resources to increase number of inflorescences (Wolfe and Tonsor 
2014). 
 
Mechanisms underlying moderate to high temperature regulation of flowering 
have recently been elucidated (Lee et al. 2013; Nilsson 2013; Posé et al. 2013; Jagadish 
et al. 2016; Sureshkumar et al. 2016). In the A. thaliana Columbia (Col-0) ecotype, high 
temperature-mediated variation in flowering time is facilitated by the plastic 
transcriptional modification of the MADS-box gene FLOWERING LOCUS M (FLM). At 
moderate temperatures (16°C), the FLM-β isoform is abundant, leading to a repressive 
complex between FLM-β and another MADS-box protein SHORT VEGETATIVE 
PHASE (SVP) that delays flowering through the inhibition of inflorescence development 
genes, including SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and 
SEPALLATA 3 (SEP3) (Lee et al. 2013; Posé et al. 2013). At higher temperatures (23°C 
and 27°C), in contrast, splicing of FLM favors the FLM-δ isoform, which outcompetes 
the functional FLM-β for binding with SVP. The FLM-δ-SVP complex results in 
inefficient target gene binding that fails to repress flowering, thus resulting in precocious 
reproduction at high temperatures (Lee et al. 2013; Posé et al. 2013). 
 
The relative abundance of FLM-β and FLM-δ transcripts correlates with high 
temperature-regulated flowering time in Col-0, but the generality of this model across A. 
thaliana ecotypes has not been convincingly demonstrated. Lee et al. (2013) reported that 
 60 
 
the predicted increase in FLM-δ transcript abundance with increasing temperatures 
occurs in just half of the eight temperature-sensitive wild ecotypes tested. However, these 
data were collected from a single biological replicate per ecotype, the presence of other 
isoforms was not assessed, and the ratio of FLM-β to FLM-δ was not compared with 
flowering time plasticity. Thus, more work is required to test the applicability of the high 
temperature pathway model across different ecotypes of A. thaliana. 
Here, we tested how high temperature affects flowering time in A. thaliana by 
analyzing plastic responses from moderate (18°C) to high temperatures (26°C) for 14 
wild ecotypes. We then selected 5 ecotypes of A. thaliana that differed in their flowering 
time in response to high temperatures to test two hypotheses: (1) plasticity in the ratio of 
FLM-β to FLM-δ expression is correlated with temperature-regulated flowering time 
plasticity across different A. thaliana ecotypes, and (2) relative expression of FLM-β and 
FLM-δ explains differences in flowering time under 18°C and 26°C in different ecotypes 
of A. thaliana. 
 
Materials and Methods 
Plant material and growth conditions 
We selected 14 geographically and genetically distinct ecotypes of A. thaliana 
based on Atwell et al. (2010) (table 3.1). Seeds of A. thaliana were ordered from The 
Arabidopsis Information Resource (TAIR; available at www.arabidopsis.org). To 
minimize differential maternal effects, plants were grown in growth chambers for one 
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generation under controlled long-day conditions (16 h light: 8 dark) at continuous 18°C, 
in standard Metro-mix soil, with bottom watering provided every 2 days to reduce 
mechanical interference. To synchronize germination and break seed dormancy, second-
generation seeds were then vernalized in darkness for 5 days at 4°C before being moved 
to growth chambers. Imbibed seeds were then transferred to soil, and placed under 18°C 
to stimulate germination, leaving one plant per 5 cm pot. Eight seedlings per ecotype 
from a single mother plant were randomly placed under continuous 18°C or 26°C 
treatment conditions with 16 h long-days. 
 
We chose 18°C instead of the previously described 16°C (Lee et al. 2013; Posé et 
al. 2013) to match growing conditions previously used to minimize maternal effects, and 
26°C because this represents a potentially stressful temperature 6°C higher than the 
average focal species' maximum temperature of the warmest month (table 3.1). We 
recorded the number of days to bolt under both 18°C and 26°C for each of our genotypes. 
Phenotypic plasticity in bolting time was seen by examining the norms of reaction for 
each genotype across the two environment.  To account for chamber effects independent 
of temperature effects, we repeated the experiment setting the initial 18°C chamber to 
26°C, and vice versa, again with eight seedlings per ecotype and treatment. All bolting 
time data were log10 transformed to increase normality. Data were analyzed using the 
traditional analysis of variance (aov) function in R version 2.15.0 to identify genotype by 
environment interactions (GxE), in which different ecotypes were consider as a random 
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effect. Differences in variance for bolting time among environments were evaluated using 
a two-sided F-test in JMP version 12.0. 
 
Based on phenotypic observations from the initial 14 ecotypes (fig. 3.1), the 
model ecotype Col-0 and 4 representative lines that showed low, medium, and high 
phenotypic plasticity were selected for gene expression analysis. These ecotypes were 
Col-0 that has an unknown origin (Nordborg et al. 2005; Atwell et al. 2010; Anastasio et 
al. 2011), Aa-0 from Germany, Uod-7 from Austria, Lp2-2 from the Czech Republic, and 
Wei-0 from Switzerland. For each of the 5 ecotypes, four 10-day-old non-flowering 
seedlings minus their root tissues were harvested from each temperature treatment at 4 
hours post dawn, as previously described (Posé et al. 2013). Growth conditions and 
chambers for this experiment matched those used for all 14 ecotypes as outlined above. 
Plant material was frozen in liquid nitrogen and stored at -80°C prior to RNA extraction. 
RNA was extracted from seedling samples using TriReagent (Life Technologies) 
according to the manufacturer’s instructions, contaminating DNA was degraded using 
TURBO DNase (Life Technologies), and cDNA was synthesized using 0.5 μg RNA in an 
iScript Reverse Transcriptase reaction (BioRad).  
 
Climate data and flowering time correlation tests 
Latitude data for each ecotype were retrieved from TAIR, and used to extract data 
for mean diurnal range (mean of monthly (maximum temperature - minimum 
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temperature)) (bio2), isothermality (mean diurnal range/temperature annual range x 100) 
(bio3), temperature seasonality (standard deviation x 100) (bio4), maximum temperature 
of the warmest month (bio5), temperature annual range (bio5 – minimum temperature of 
the coldest month) (bio7), mean temperature of the wettest quarter (bio8), and mean 
temperature of the driest quarter (bio9) from WorldClim (www.worldclim.org) (Hijmans 
et al. 2005) with the raster package in R version 3.1.2. Based on the hypothesis that lower 
latitudes and warmer temperatures result in faster flowering (Debieu et al. 2013; Wolfe 
and Tonsor 2014) and/or lower plasticity (Molina-Montenegro and Naya 2012), we tested 
for a positive correlation between latitude or seasonality bioclim variables (bio2, 3, 4, and 
7)  and days to bolting or plasticity in days to bolting, and a negative correlation between 
other selected bioclim variables (bio5, 8, and 9) and days to bolting or plasticity in days 
to bolting, using the lm function in R version 3.1.2. We did not include Col-0 in this 
analysis because its origin is unknown based on collection and genetic data (Nordborg et 
al. 2005; Atwell et al. 2010; Anastasio et al. 2011). 
 
Genotyping and Gene Expression Analysis 
In order to assess the number of alternative splice variants in seedlings and to 
design gene specific primers that would work for all ecotypes, we amplified the entire 
open reading frames of SVP- and FLM-like genes from seedling cDNA pooled from 18°C 
and 26°C grown plants of each ecotype. Primers used were previously described G-
2196/G-1978 (FLM) and G-28863/G-28864 (SVP) (Posé et al. 2103), and amplification 
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was conducted with a moderate annealing temperature of 55°C to allow for potential 
polymorphisms in the primer annealing sites. Two independent amplicons were cloned 
into the pGEM-T vector (Promega, Madison, WI) and at least 5 transformed colonies 
were sequenced using universal M13-forward and M13-reverse primers. Nucleotide 
sequences were edited for base ambiguities, and amino acids were aligned using MAFFT 
(Katoh and Toh 2008), followed by manual adjustment in Mesquite (Maddison and 
Maddison 2011). Phylogenetic relationships were estimated using maximum likelihood 
methods in GARLI 0.951 (Zwickl 2006). 
 
Quantitative PCR (qPCR) was carried out on seedling cDNA collected from 4 
biological replicates per ecotype and treatment using primers for the stably expressed 
housekeeping genes EF1alpha-At5g60390 and PDF2-At1g13320 (Czechowski et al. 
2005), and the primers G-28150-F1/G-28156-F1 for FLM-β, G-30796-F2/G-28156-R2 
for FLM-δ, and G-20863/G-20864 for SVP as previously described (Posé et al. 2013). All 
reactions were run in a StepOne real-time PCR machine using Fast SYBR Green Master 
Mix (Life Technologies, Carlsbad, CA). After correcting for primer efficiencies, cycle 
threshold (cT) values were normalized against the geomean of the 2 housekeeping genes 
for 3 technical replicates and 3 to 4 biological replicates. 
 
Based on the fact that FLM isoforms compete for binding with SVP to affect 
different flowering responses in Col-0 (Lee et al. 2013; Posé et al. 2013), we were 
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interested to see whether the ratio of FLM-β to FLM-δ gene expression explains 
flowering time plasticity within each ecotype. If this were found to be the case, then we 
were also interested in testing if the ratio of FLM-β to FLM-δ can explain different 
patterns of plasticity among the different ecotypes. We hypothesized that ecotypes that 
are less plastic (show smaller differences in bolting time when growth at 18°C versus 
26°C) would show a smaller percentage of change in the FLM-β:FLM-δ ratio as 
compared with ecotypes that are more plastic (show larger differences in bolting time 
when grown at 18°C versus 26°C). Percentage of FLM-β:FLM-δ ratio change across 
temperature treatments was estimated using the following metric: 
[(𝐹𝐿𝑀𝛽:𝐹𝐿𝑀𝛿 𝑎𝑡 18°𝐶)−(𝐹𝐿𝑀𝛽:𝐹𝐿𝑀𝛿 𝑎𝑡 26°𝐶)]
𝐹𝐿𝑀𝛽:𝐹𝐿𝑀𝛿 𝑎𝑡 18°𝐶
 eq. 1. 
This metric follows the expectation of the FLM-β:FLM-δ ratio, in which under 
high temperature (i.e. 26°C) the FLM-β:FLM-δ ratio should be smaller due to the higher 
abundance of FLM-δ which outcompetes FLM-β to form the FLM-SVP complex (Lee et 
al. 2013; Nilsson 2013; Posé et al. 2013). Values close to zero represent small changes in 
FLM-β:FLM-δ  and values far from zero represent large changes in FLM-β:FLM-δ. We 
also predicted positive values for this ratio in all ecotypes, supporting the previously 
published model that FLM-β is a repressor of flowering and FLM-δ alleviates this 
repression (Lee et al. 2013; Nilsson 2013; Posé et al. 2013). To apply this metric, we first 
calculated the mean value of FLM-β and FLM-δ for each ecotype under 18°C and 26°C, 
then estimated the average ratios within each temperature condition, and finally estimated 
the percentage of change as described in eq. 1. 
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Results 
Flowering time variation under moderate to high temperatures 
According to our expectation, flowering time for all 14 A. thaliana ecotypes was 
reduced with increasing temperature,  days to bolting ranging from 20 to 70 days at 18°C, 
and 18 to 45 days at 26°C (figs. 3.1, 3.2). However, we found that the amount of variance 
in days to bolting in plants grown at 18°C versus 26°C was not significantly different in 
the majority of ecotypes. Only 6 out of the 14 ecotypes showed significant differences in 
variance between the two growth temperatures, one of which showed a higher phenotypic 
variance at 26°C compared to 18°C (fig. 3.2, table 3.A1). ANOVA (main factors: 
ecotypes (E) and temperature (T)) showed that flowering time was different across the 
different ecotypes (E; SS=6.6469, p < 0.0001), was plastic in response to temperature (T; 
SS=4.0829, p < 0.0001), and that plasticity (slope of reaction norms) differed among 
ecotypes (ExT; SS=0.3702, p < 0.0001) (fig. 3.2). Contrary to expectations, flowering 
time across ecotypes at ambient 18°C temperatures, and plasticity in flowering time (i.e. 
difference in days to bolting between 18°C and 26°C) were not significantly positively 
correlated with latitude of origin or temperature seasonality variables, or negatively 
correlated with mean temperature variables (fig. 3.A1). However, flowering time at 18°C 
was significantly positive correlated with mean diurnal temperature (p < 0.05). 
 
Genotyping and isoform analysis 
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Of the 5 representative ecotypes selected for further analysis, sequencing of 
multiple clones revealed 2 splice forms of FLM (fig. 3.A2) and 1 splice form of SVP (fig. 
3.A3 ). The FLM isoforms were nearly identical to Col-0 FLM-β and FLM-δ, having 
diagnostic additional introns 2 and 8, or 3 and 9 within the predicted translated region, 
respectively. Phylogenetic analysis resulted in a clade of all FLM-β splice forms that was 
sister to another clade containing all FLM-δ isoforms. Additionally, since they share high 
sequence identity within the FLM primer sites, we also amplified a related but distinct 
FLM-like gene in 4 out of 5 ecotypes that clustered with previously characterized Col-0 
MAF3 (fig. 3.A2). 
 
FLM and SVP gene expression across ecotypes 
As predicted based on the Col-0 model, the mean relative expression of SVP was 
always higher (1.1 to 10-fold) in plants grown at 26°C versus 18°C growth conditions 
(fig. 3A). Although expression of the FLM-β isoform was quite variable between 
biological replicates, all ecotypes had a higher mean of relative expression in the opposite 
direction to SVP. In other words, mean FLM-β isoform expression was about 2-fold 
higher in 18°C relative to 26°C grown plants (fig. 3.3B). Contrary to predictions, FLM-δ 
expression did not show a clear trend across the different ecotypes; only the earliest and 
latest flowering ecotypes (Wei-0, Lp2-6, and Uod-7) showed the expected increase in 
mean FLM-δ expression with higher temperatures (fig. 3.3C).  
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Based on the fact that FLM isoforms compete for binding with SVP to affect 
different flowering responses in Col-0, we were interested to see whether the ratio of 
FLM-β to FLM-δ gene expression could explain intraspecific variation in flowering time 
plasticity. The only ecotypes that showed the expected decrease in FLM-β to FLM-δ ratio 
with increasing temperature were the earliest (Wei-0) and latest (Lp2-6 and Uod-7) 
flowering ecotypes (fig. 3.3D). To determine if the relative expression of FLM-β to FLM-
δ could explain different patterns of plasticity in days to bolting, we compared the 
percentage change of FLM-β:FLM-δ from 18°C to 26°C grown plants. We found that 
percent change in FLM-β:FLM-δ explained little difference in bolting time across all 5 
ecotypes (r
2
= 0.04251) (fig. 3.4). However, when Col-0 and Aa-0 were removed based on 
their not showing the expected correlation between FLM-β:FLM-δ and temperature, 
nearly 87% of the difference in bolting time from 18°C to 26°C was explained by percent 
change in FLM-β:FLM-δ (r2=0.869).  
 
Discussion 
Plants have long been known to manifest a range of strategies to appropriately 
time reproduction for maximization of fitness (Griffith et al. 2004; Korves et al. 2007; 
Samis et al. 2008). In the case of A. thaliana, previous evidence suggests that some 
ecotypes flower precociously to avoid suboptimal conditions of the summer or winter, 
whereas others show delayed flowering to increase biomass and hence seed set 
(Montesinos-Navarro et al. 2012; Debieu et al. 2013). Such variation in flowering time 
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stems from local adaptation and/or phenotypic plasticity, the latter allowing individual 
plants the ability to cue into environmental signals that induce the vegetative to 
reproductive transition (Montesinos-Navarro et al. 2011). Although much is known about 
the genetic basis of flowering from a few model taxa (Nordborg and Weigel 2008; Wang 
et al. 2009; Andrés and Coupland 2012), it is unclear whether these models extend to 
closely related taxa, and if variation in the same genes affect both locally adaptive and 
plastic flowering. Here, we confirm previous results that A. thaliana ecotypes show both 
intraspecific and plastic variation in days to bolting, and that interpopulation variation in 
reproductive timing is dampened by increasingly stressful temperature. However, despite 
the strong model from a previously described Col-0 seed stock (Lee et al 2013; Pose et al 
2013), we find limited evidence that alternative splicing of FLM affects temperature-
regulated flowering plasticity within ecotypes, and no correlation between the FLM-
β:FLM-δ ratio and intraspecific variation in flowering or its plasticity across ecotypes.  
 
Plasticity in flowering time, but not its variance, varies across ecotypes 
Arabidopsis thaliana is a largely self-fertilizing species (Shindo et al. 2007), with 
selfing rates in natural environments above 95% (Abbott and Gomes 1989; Charlesworth 
and Vekemans 2005; Stenoien et al. 2005). Thus, the low within ecotype variation in 
flowering time that we found under both 18°C to 26°C growing conditions was expected. 
Despite this, we predicted that flowering time variance across ecotypes would be lower at 
higher temperatures, and that variation among ecotypes would be more similar at 26°C 
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versus 18°C. These expectations are based on the hypothesis that more stressful 
conditions foster a more uniform response to maximize survival (Badyaev 2005; Wolfe 
and Tonsor 2014). 
 
Contrary to expectation, we found little evidence of within ecotype variance in 
days to bolting between the two temperatures. However, most ecotypes did indeed show 
significantly faster flowering under the higher growing temperature, and differences in 
days to bolting among ecotypes was reduced at 26°C versus 18°C. From an evolutionary 
perspective, flowering time plasticity in response to high temperature can reduce the 
strength of selection, as alternative phenotypic expressions without genetic variation are 
sufficient to succeed across different environments (Pfennig et al. 2010). The constant 
shift towards a shortened life span under temperatures well beyond the 22°C that is the 
average maximum temperature of the warmest month across the 13 out of the 14 ecotypes 
(Col-0 was excluded because its unknown origin), implies a plastic strategy to escape 
rather than tolerate stressful thermal conditions (Wahid et al. 2007). Based on these and 
previous data, (Caicedo et al. 2004; Stinchcombe et al. 2004; Lempe et al. 2005; Wilczek 
et al. 2009) we expected to see a positive correlation between days to bolting or its 
plasticity and latitude or temperature seasonality variables, and/or a negative correlation 
between days to bolting or its plasticity and mean temperature variables. Although 
latitude and climate variables failed to show any relationship with days to bolting, we 
found a positive relationship between mean diurnal temperature and flowering time at 
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18°C. This trend suggests that temperature interacts with light availability to influence 
the transition from vegetative to reproductive phase in A. thaliana.   
 
Plasticity in FLM splicing has limited power in explaining ecotype variation in days to 
bolting and plastic flowering in response to temperature 
Despite substantial evidence of plastic responses to different environmental 
factors, the underlying genetic and developmental mechanisms for phenotypic plasticity 
remain largely unknown (West-Eberhard 2005a; West-Eberhard 2005b; Aubin-Horth and 
Renn 2009; Beldade et al. 2011). To investigate whether plasticity in alternative FLM 
splicing can explain flowering time variation at moderate to high temperatures across A. 
thaliana ecotypes, plasticity within ecotypes, and/or variation in temperature-induced 
plasticity, we characterized expression of SVP, FLM-β, and FLM-δ. For each ecotype, the 
amount and direction of SVP and FLM-β gene expression was consistent with flowering 
time plasticity, with increased levels of this repressive complex delaying days to bolting 
(Lee et al. 2013; Nilsson 2013; Posé et al. 2013). It has long been known that SVP and 
interacting proteins delay the reproductive transition through the repression of floral 
integrator genes and gibberellic acid synthesis at the shoot apex (Andrés et al, 2014). 
Recent findings have further shown that, in at least the Col-0 ecotype of A. thaliana, the 
repression of flowering by SVP depends on its physical interaction with at least one 
isoform of FLM (the β isoform), and that differential splicing of this FLM isoform can 
limit the efficacy of the repressive complex (Lee et al. 2013; Posé et al. 2013). 
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Differential splicing of FLM appears to be indirectly controlled by temperature through 
the action of non-sense mediated mRNA decay (Sureshkumar et al. 2016), and ineffective 
competitor isoforms are generated at greater rates under short versus long days 
(Fernández et al. 2016). 
 
Despite expected patterns of SVP and FLM-β, variation in the expression of FLM-
β and FLM-δ did not correlate with flowering time differences across ecotypes, and the 
ratio of FLM-β:FLM-δ had limited power to explain variation in plasticity across the A. 
thaliana species range. In the five ecotypes examined, we found no evidence of FLM 
splice forms other than FLM-β and FLM-δ, suggesting that the lack of correlation 
between flowering time and relative FLM-δ expression levels in the Aa-0 and Col-0 
ecotypes is not due to further repressive FLM isoforms that we did not examine. 
However, since SVP and FLM-β followed the expected pattern of expression, i.e. 
increasing and decreasing at 18°C and 26°C respectively, and there is evidence that other 
A. thaliana FLM/MAF-like paralogs undergo temperature regulated splicing (Airoldi et 
al. 2015), we cannot rule out the possibility of competition between FLM-β and some 
other FLM/MAF-like splice variant. 
 
A second important consideration of our data is why the direction of relative 
FLM-δ expression was opposite in our Col-0 ecotype, compared to the Col-0 line used in 
Lee et al. (2013) and Posé et al. (2013). Possiblities include genotypic variation 
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associated with different seed lots, maternal effects, and differences in growth conditions. 
Whatever the reason, results from our work and independent ecotype sampling in 
previous studies (Lee et al. 2013) suggest that the SVP-FLM regulon is only part of the A. 
thaliana high temperature-mediated pathway. Future studies should explore the influence 
of other genes, such as FLM paralogs and members of the PHYTOCHROME 
INTERACTING FACTOR 4 (PIF4) pathway (Seaton et al. 2015), in plastic phenology 
responses to warmer temperatures under a future scenario of climate change. This will 
provide us with a better understanding of the mechanisms that control environmentally 
induced responses in plants, and allow more accurate predictions of how plants will 
respond to global warming. 
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Table legends 
Table 3.1 Information from TAIR on the fourteen ecotypes of Arabidopsis thaliana 
selected from Atwell et al. (2010). 
a
Sampled in Lee et al. (2013). 
b
Data derived from 
Worldclim (http://www.worldclim.org/bioclim) coded as BIO5. Unknown refers to 
equivocal results based on conflicts between collection and genetic data (see text). 
Figure legends 
Figure 3.1 Range of flowering time means and standard errors for different Arabidopsis 
thaliana ecotypes grown at 18°C and 26°C. Ecotypes Wei-0, Aa-0, Col-0, Lp2-6 and 
Uod-7 were selected for molecular analyses. 
 
Figure 3.2 Mean reaction norms between ambient (18°C) and warm (26°C) temperature 
treatments for bolting time in fourteen A. thaliana ecotypes. Black lines show a 
significant reaction norm. Lines in grey show ecotypes with no significant reaction norm. 
* indicates a significant difference in the variance at 18°C versus 26°C and a higher 
variance at 18°C. † indicates a significant difference in the variance at 18°C versus 26°C 
and a higher variance at 26°C versus 18°C (table A3.1). 
 
Figure 3.3 Temperature driven plasticity in SVP and FLM gene expression across five A. 
thaliana ecotypes that vary in flowering time. The mean and standard error is shown for 
three or four biological replicates.  
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Figure 3.4 Percent of change in the FLM-β:FLM-δ ratio based on eq.1 from 18°C and 
26°C across five A. thaliana ecotypes. Confident intervals are shown.  
 
Appendices legends 
Table 3.A1 Variance (σ²) comparison of bolting time at 18°C versus 26°C for different 
ecotypes of Arabidopsis thaliana. Degrees of freedom in the numerator (dfNum) and 
denominator (dfDen) are shown based on 16 samples (8 replicates per each chamber 
experiment). Significant differences between variance at the two temperatures were 
determined by a two-sided F test. Values in grey represent non-significant differences in 
variance, whereas values in black represent significant differences in variance between 
18°C and 26°C. * indicates a higher variance at 18°C versus 26°C. † indicates a higher 
variance at 26°C versus 18°C. 
 
Figure 3.A1 Extent of correlations between days to bolting at 18°C and latitude or 
bioclim temperature variables, and difference in days to bolting between 18°C and 26°C 
and latitude or bioclim temperature variables, for different Arabidopsis thaliana ecotypes, 
excluding Col-0. The significant p-value for minimum temperature of the wettest quarter 
is highlighted in bold. 
 
Figure 3.A2 Maximum likelihood phylogenetic tree of FLM-like genes showing 
evidence of two splice forms across our 5 focal Arabidopsis thaliana ecotypes.  
 84 
 
Figure 3.A3 Maximum likelihood phylogenetic tree of SVP-like genes showing a single 
copy in each of our 5 focal Arabidopsis thaliana ecotypes. Repetition in the name of the 
accessions represents different sequenced amplicons of the same ecotype. 
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Figure 3.1.   
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Figure 3.2.  
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Figure 3.3.  
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Figure 3.4.  
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Table 3.1.  
Ecotype 
Stock 
Number 
Origin Latitude Longitude 
Max temperature of 
warmest month (°C)
b 
Aa-0 CS900 Germany 50.9167 9.57073 21.4 
Ang-0 CS76436 Belgium 50.3 5.3 21.6 
Bu-0 CS1006 Germany 50.5 9.5 21.8 
Col-0
a 
CS22625 Unknown Unknown Unknown Unknown 
Ga-0 CS22634 Germany 50.3 8 22.1 
In-0 CS28360 Austria 47.5 11.5 17.8 
Ka-0 CS28375 Austria 47 14 17.7 
Lp2-2 CS76546 Czech Republic 49.38 16.81 21.7 
Lp2-6 CS22595 Czech Republic 49.38 16.81 21.7 
Sq-1 CS22600 United Kingdom 51.4083 -0.638 22.5 
Tu-0 CS28783 Italy 45 7.5 28.5 
Uod-7 CS22613 Austria 48.3 14.45 24.7 
Wei-0 CS76628 Switzerland 47.25 8.26 21.4 
Zu-1 CS1628 Switzerland 47.3667 8.55 23.2 
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Table A3.1 
Ecotype σ² at 18˚C σ² at 26˚C F Ratio dfNum dfDen Prob > F 
Aa-0 0.0026 0.0013 2.0163 15 15 0.1860 
Ang-0 0.0072 0.0071 1.0094 15 15 0.9858 
Bu-0 0.0028 0.0101 3.5766 15 14 †0.0221 
Col-0 0.0013 0.0004 3.6379 15 15 *0.0172 
Ga-0 0.0056 0.0008 6.7805 15 15 *0.0006 
In-0 0.0047 0.0048 1.0198 14 15 0.9659 
Ka-0 0.0067 0.0010 6.9206 15 15 *0.0006 
Lp2-2 0.0019 0.0009 2.0982 15 15 0.1627 
Lp2-6 0.0024 0.0067 2.7847 15 15 0.0560 
Sq-1 0.0034 0.0090 2.6463 15 15 0.0689 
Tu-0 0.0006 0.0005 1.1897 14 15 0.7406 
Uod-7 0.0071 0.0160 2.2673 15 14 0.1342 
Wei-0 0.0121 0.0011 11.2997 15 15 *0.0001 
Zu-1 0.0059 0.0001 67.7323 15 15 *0.0001 
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Figure A3.1  
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Figure A3.2  
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Figure A3.3 
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ABSTRACT   
Admixture can break up divergent genetic architectures between populations, 
resulting in phenotypic novelty and generating raw material for environmental selection. 
The contribution of admixture to progeny trait variation and fitness varies based on the 
degree of genetic isolation between the parental populations, for which most studies have 
used geographic distance as a proxy. A novel approach is to estimate optimal crossing 
distance using the adaptive genetic distance between mates estimated from loci that 
contribute directly to local adaptation. Here, we aim to understand the effect of admixture 
on disrupting local adaptation of ecotypes of Arabidopsis thaliana separated along 
gradients of geographic, background and locally adaptive genetic distance. We created 
experimental F1-hybrids between ecotypes that vary in geographic distance, and used 
SNP data to estimate background (putatively neutral) and adaptive genetic distance. 
Hybrids were grown under controlled conditions, and fitness, growth and phenology 
traits were measured. The different traits measured showed a clear effect of adaptive 
genetic distance, but not geographic distance. The earliest bolting hybrids were 
intermediate in the adaptive genetic distance between their parents, and also had higher 
biomass and fitness in terms of fruit and seed production.  Our results suggest that 
disruption of locally adaptive genomic loci decreases the performance of offspring 
between distantly related parents, but that crosses between very closely related parents 
also reduce performance, likely through the expression of deleterious recessive alleles. 
We conclude that during admixture, selection may have to balance the consequences of 
disrupting local adaption while also avoiding inbreeding depression. 
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INTRODUCTION 
Natural populations across their distributional range exhibit genetic variation in 
locally adaptive traits as result of selection for different genotypes in different 
environments (Linhart and Grant 1996, Kawecki et al. 2004). Admixture, or intraspecific 
hybridization, recombines genomes between historically isolated lineages that have often 
diverged in their genetic architecture of fitness-related traits (Verhoeven et al. 2011). 
Thus, natural admixture zones have long been recognized as important areas to study the 
evolutionary process, because recombination can result in phenotypic novelty and reveal 
segregating genetic variance available for natural selection to act upon (Barton 2001; 
Rieseberg et al. 2003; Lavergne and Molofsky 2007; Keller and Taylor 2010; Friedman 
2015; Goulet et al. 2017).   
 
Admixture between genetically divergent and locally adapted populations can 
constrain or enhance the performance of hybrid offspring, depending on the degree of 
divergence separating populations and their history of inbreeding, drift, and selection 
(Lynch 1991; Verhoeven et al. 2011). If populations are highly inbred, then admixed 
individuals may benefit from an increase in heterozygosity which may bring heterosis 
(hybrid vigor), i.e. the phenotypic superiority of hybrid genotypes compared to their 
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parents (Lippman and Zamir 2007), as result of sheltering the genetic load of recessive 
deleterious mutations or gene overdominance (Barton and Hewitt 1985; Lynch 1991; 
Prentis et al. 2008). Alternatively, genetically admixed individuals may have reduced 
fitness due to either inbreeding depression or outbreeding depression (Charlesworth and 
Charlesworth 1987; Lynch 1991; Oostermeijer et al. 1995; Byers 1998). Inbreeding 
depression is generally attributable to homozygosity of recessive deleterious alleles or 
loss of overdominance (Lynch 1991), whereas it is suggested that outbreeding depression 
can occur through two distinct mechanisms: (1) disrupting allelic coadaptation 
(underdominance or complementary epistasis), or (2) disrupting local adaptation to 
environmental conditions (Waser and Price 1989). 
 
In sessile organisms such as plants, the geographic distance separating 
populations may be expected to lead to an optimal outcrossing distance that balances the 
fitness effects of inbreeding depression at short distances with disruption of coadapted 
alleles and loss of local adaptation at greater distances (Price and Waser 1979; Waser and 
Price 1989). Evidence for optimal outcrossing has been reported from natural plant 
populations across a range of geographic crossing distances (Fenster and Galloway 2000; 
Waser et al. 2000; Grindeland 2008). These studies typically use geographic distance as a 
proxy for relatedness and degree of shared local adaptation; yet surprisingly, few studies 
have tested for an optimal outcrossing distance that considers genetic distance (Edmands 
1999; Mindaye et al. 2016), and to our knowledge none explicitly consider genetic 
distances based on loci explicitly associated with local adaptation.  
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With the current availability of large population genomic datasets, it should be 
possible to parse out the contributions of geography, inbreeding/population history, and 
local adaptation on optimal outcrossing distance. For example, overall genome-wide 
genetic distance calculated across many selectively neutral SNP loci (hereafter, 
“background genetic distance”) should reflect demographic processes that may covary 
with geographic distance, such as inbreeding and genetic drift (Wright 1943). 
Additionally, geographically separated populations often show elevated divergence (FST) 
or association with adaptive phenotypes for a subset of loci experiencing local selection 
(hereafter, “adaptive genetic distance”) (Linhart and Grant 1996). Indeed, elevated 
divergence at selected loci relative to the background of the rest of the genome is a 
classic signature of local adaptation (Lewontin and Krakauer 1973; Whitlock 2015) and 
forms the basis of modern genome scans for local adaptation (Hoban et al. 2016). 
Comparing locally adapted genomes based on geographic distance with those based on 
genetic distance at different classes of genomic loci (background and adaptive) may 
reveal different contributions to the fitness of offspring produced by admixture between 
geographically separated populations, and provide a more mechanistic understanding of 
optimal outcrossing distances. 
 
In our study we predict different fitness effects for intraspecific hybrid offspring 
based on the geographic or genetic crossing distances separating the parental lines. Based 
on optimal outcrossing theory, we predict that all three distances (geographic, 
background genetic, adaptive genetic) are capable of generating highest fitness at 
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intermediate distances, resulting in a quadratic fitness function (Figure 4.1). However, the 
set of genetic and evolutionary processes responsible for the fitness effects of each 
distance are distinct, and thus different patterns observed in regression analyses of fitness 
traits on geographic or genetic distances yield different inferences on the evolutionary 
processes responsible (Table 4.1). In general, hybrids created from very close parental 
lines, either geographically or genetically, could experience a reduction in fitness due to 
inbreeding depression (Lande and Schemske 1985) (Figure 4.1, A). The loss of fitness 
due to inbreeding depression may affect both background and adaptive genetic distances, 
if both types of distance are associated with genetic load of deleterious mutations. In 
background genetic distance, this may be attributable to the degree of relatedness 
between individuals, whereas in adaptive genetic distance, it may reflect slightly 
deleterious mutations that experienced hitchhiking selection during selective sweeps of 
adaptive loci (Hartfield and Otto 2011). In contrast, a reduction in fitness in crosses 
between very distant lines is indicative of outbreeding depression due to epistasis or loss 
of local adaptation (Figure 4.1, E). It may be possible to tease apart the contributions of 
adaptive vs background genetic distance to identify the mechanisms responsible for 
outbreeding depression. We predict that outbreeding depression at large background 
genetic distances likely reflects the loss of beneficial epistasis and the breakup of 
coadapted alleles (Lynch 1991), whereas the contribution of large adaptive genetic 
distance likely reflects dilution of local adaptation (Hufford and Mazer 2003; Verhoeven 
et al. 2011). As a result of these two extremes, we predict an optimal outcrossing distance 
should exist that reflects the benefits of heterosis and the maintenance of local adaptation 
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at intermediate distances while avoiding loss of fitness due to inbreeding and outbreeding 
at larger distances (Lynch 1991; Oakley et al. 2015) (Figure 4.1, C). In the absence of 
inbreeding depression, for example if genetic load is purged in a highly selfing species, it 
is also possible that hybrid fitness shows an increment between very close lines (Figure 
4.1, B). A more linear decline with adaptive genetic distance as local adaptation becomes 
diluted in crosses between increasingly distant parental lines (Figure 4.1, D).  
 
The annual plant Arabidopsis thaliana L. (Brassicaceae) provides an interesting 
model system to study admixture and the contributions of outcrossing distance on fitness-
related traits. Arabidopsis thaliana has a primarily selfing mating system in which natural 
outcrossing and admixture is rare but occurs in nature frequently enough to influence 
population structure and generate clear signals of isolation by geographic distance (Platt 
et al. 2010). Furthermore, despite its mostly selfing mating system, A. thaliana is not 
immune to the accumulation of genetic load of deleterious mutations (Bustamante et al. 
2002; Ågren et al. 2013), and viability loci exhibiting overdominance are known to 
contribute to heterosis during experimental outcrossing (Mitchell-Olds 1995). Lastly, 
multiple studies have shown that geographically diverse ecotypes of A. thaliana exhibit 
local adaptation (Rutter and Fenster 2007; Fournier-Level et al. 2011; Hancock et al. 
2011; Ågren and Schemske 2012; Gaut 2012; Ågren et al. 2013; Huber et al. 2014) and 
population genomic studies have identified clear candidate genes contributing to local 
adaptation (Fournier-Level et al. 2011; Hancock et al. 2011).  
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To deepen our understanding of the fitness effects of admixture along geographic 
and genetic gradients, we created experimental F1 hybrids between A. thaliana ecotypes 
across a range of geographic and genetic distances. Based on the optimal outcrossing 
hypothesis, we predicted either a negative linear or quadratic relationship between the 
adaptive genetic distance of the parents, calculated from loci under local adaptation, and 
the resulting performance of the offspring, where intermediate adaptive genetic distances 
would indicate an optimal crossing distance balancing local adaptation and inbreeding 
load. We also predicted that disruption of local adaptation would most strongly affect 
traits known to experience environmentally-varying selection in natural populations, such 
as phenology and growth traits, while any intrinsic effects of disrupting co-adapted 
alleles would more strongly affect traits closely associated with fitness.  
 
MATERIAL AND METHODS 
Study system  
We selected 17 distinct ecotypes sampled from across an array of geographic and 
genetic distances observed in natural populations of A. thaliana based on Atwell et al. 
(2010) (Table 4. 2). Seeds were ordered from The Arabidopsis Information Resource 
(TAIR; available at www.arabidopsis.org) (TAIR, 2000). To reduce maternal effects, 
plants were grown for one generation under controlled long-day conditions (16 h light: 8 
dark, at 18°C), in standard Metro-mix soil, with bottom watering provided every two 
days to reduce plant damage.   
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Crossing and Growing conditions  
We created F-1 hybrid progeny by emasculating pollen from flowers prior to 
anthesis, and then outcrossing with pollen from a distinct ecotype. A total of 11 full sib 
families were created this way among the 17 parental ecotypes, representing a range in 
geographic and genetic crossing distances (Table 4.3). After ripening and seed collection, 
first-generation hybrid seeds, along with seeds of the corresponding parental ecotypes, 
were vernalized in darkness for 5 days at 4°C before being moved to growth chambers. 
Imbibed seeds were then transferred to soil, and placed under 18°C to stimulate 
germination, leaving one plant per 5 cm pot. In order to match growing conditions 
previously used to minimize maternal effects and to provide a benign growing 
environment, we grew eight hybrid offspring per cross and eight plants per each parents 
at 18°C under long-day (16L: 8D) conditions in growth chambers. We measured 
offspring performance and tested for the effect of admixture along geographic and 
genetic gradients using three different types of traits. (1) phenology traits: bolting speed 
(1/bolting time) and number of leaves at bolting speed (1/number of leaves at bolting 
time), which covaries strongly with flowering time; (2) growth traits: above ground dry 
mass (biomass) and stem length (height); and (3) fitness traits: total fruit production and 
seed weight.  
 
To estimate the contribution of adaptive genetic distance between parents on the 
fitness of admixed offspring, we focused on four fitness QTL previously associated with 
local adaptation of A. thaliana populations under field conditions (Fournier-Level et al. 
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2011). Fournier-Level et al. (2011) used results from four geographically dispersed 
common garden trials in Europe and a corresponding genome-wide association study 
(GWAS) using 213,248 SNPs to identify four fitness QTL located near eight candidate 
genes (LAC1, CHR8, PHYB, Δ-TIP, NDF4, TRZ4, SAG21, PARP1) that are associated 
with survival and silique number. SNPs marking these QTL also show higher frequencies 
of the fitness-associated allele in populations close to the common garden site where they 
were associated with fitness in the GWAS, strongly implicating their role in local 
adaptation (Fournier-Level et al. 2011). We obtained SNP genotypes for each of our 
parental ecotypes from a 1kb window upstream and downstream of each QTL’s position 
using publically available data from the Arabidopsis 1001 Genomes project 
(http://1001genomes.org/about.html), yielding a total of 748 SNPs. We chose to analyze 
all SNPs within a 1kb window of each fitness QTL to capture the effects of linked 
selection acting on allele frequencies. Because linkage disequilibrium (LD) in A. thaliana 
extends to 10 kb (Kim et al. 2007), our use of a 1 kb window should yield SNPs in high 
LD with the selected locus, while also accommodating uncertainty in the exact location 
of the causal adaptive locus. In addition, we looked at the genotypes for the four 
individual SNP loci associated with local adaptation in Fournier-Level et al. (2011) and 
found congruence across all measured traits with the patterns that we reported for 
adaptive genetic distance measured from closely linked SNPs (results not shown). We 
used the 748 SNPs to estimate a locally adaptive genetic distance (calculated as 1-identity 
by state) between each pair of ecotypes used as parents in the experimental crosses, using 
Plink v1.9 (Purcell et al. 2007).  
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In order to assess the neutral genetic contributions to admixed offspring due to 
variation in background relatedness and demographic history (i.e., caused by inbreeding 
or isolation by distance), we also calculated a genome-wide background genetic distance 
from SNP loci across the genome for the 17 parental ecotypes. SNP genotype data were 
converted to Variant Call Format (VCF) and filtered using VCFtools (Danecek et al. 
2011) to keep only biallelic SNPs annotated as occurring within intergenic regions. We 
focused on intergenic regions in an attempt to avoid regions of the genome most likely to 
be under local selection, although we cannot rule out that these regions could contain 
regulatory functions. To obtain a genome-wide estimate of neutral relatedness, and to 
reduce effects of strong LD between closely spaced SNPs, we further thinned sites to a 
1kb minimum length between sites. This approach differed from our treatment of 
adaptive genetic distance, in which we included closely linked sites around fitness QTL 
to capture effects of linked selection, whereas here we are interested in sampling neutral 
genetic variation broadly across the genomic background. After filtering, we retained a 
total of 961 SNPs that were used to estimate background genetic distance (calculated as 
1-identity by state) using Plink v1.9 (Purcell et al. 2007).  
 
Lastly, geographic distances between parental ecotypes were calculated using the 
latitude and longitude of their locations based on great circle distances (Table 4.3). Since 
there is evidence of mis-identification in the geographic origin of some A. thaliana 
ecotypes (Anastasio et al.2011), we first corroborated the origins of our 17 ecotypes with 
Anastasio et al. (2011). We found that five of our ecotypes (Col-0, Tu-0, Uod-7, Tsu-1, 
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Gie-0) were considered by Anastasio et al. (2011) to have an erroneous geographic 
origin, identified as accessions that are genetically differentiated from their neighbors but 
genetically very similar to geographically distant individuals (Table 4.3). To attempt to 
correct for this misspecification of origin when calculating geographic distances in our 
crosses, we calculated an estimation of the geographic distance (“proxy-geographic 
distance”). First, we identified the most closely related ecotype to our samples with 
unknown origin, based on the kinship matrix reported by Atwell et al. (2011). We then 
used the geographic origin of the most closely related ecotype to calculate the proxy-
geographic distance between parents used in our crosses (Table 4.3). We recognize that 
this approach is an approximation of the true unknown geographic distances.  
 
We assessed the nature of the response of fitness and locally adaptive traits to 
genetic and geographic distances by fitting multiple regression models in JMP version 
12.0. To adjust for non-normality, bolting speed and biomass were square root 
transformed, and number of leaves at bolting speed, number of fruits and seed weight 
were transformed using log10. We included both linear and quadratic terms in regression 
models to test our predictions. Using multiple regression allowed us to partition the 
relative importance of genetic and geographical distances, while controlling for partial 
correlations among these predictors, but could be biased if strong autocorrelation exists 
among our predictors. We assessed the degree of correlation between our three distances 
(adaptive, background and geographic distance) using univariate regression in JMP 12.0, 
as well as though Mantel tests using PC-ORD 6.0. We found no significant evidence for 
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correlation among predictors (all P > 0.1), justifying their inclusion in multiple 
regression. For simplicity, we plot results from univariate regressions to show the shape 
of the relationship between traits and distance, but report statistical tests based on the 
multiple regression models in which we used Bonferroni correction to set the α 
significance level.  
 
RESULTS  
We found support for a quadratic relationship between adaptive genetic distance 
and phenology, growth, and some of the fitness traits in F1- hybrids, supporting the 
prediction of an optimal outcrossing distance (Table 4.4, Figure 4.2A). The earliest 
bolting hybrids were from crosses between ecotypes with intermediate adaptive genetic 
distance. The F1 hybrids of A. thaliana that bolted early also showed a fitness advantage 
in terms of fruit production (  SE = 2.80279  0.840954, p = 0.0012) (Figure 4.3). 
Hybrids from intermediate adaptive genetic distances also bolted with fewer numbers of 
leaves (Figure 4.2A). In addition, intermediate adaptive distance hybrids produced more 
seeds than hybrids from very close or far adaptive distances. A linear decrease in fruit 
number with the increment of adaptive genetic distance of the cross parents was evident 
for F1 hybrids of A. thaliana (Table 4.4, Figure 4.2A). Height and biomass were not 
affected by adaptive genetic distance.  
 
Effects of background genetic distance (inbreeding and disruption of epistatic 
interactions) were also observed for bolting speed and leaf number, showing a pattern 
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similar to adaptive genetic distance (Table 4.4). Hybrids from crosses of intermediate 
background genetic distances bolted earlier with fewer numbers of leaves (Figure 4.2B). 
Background genetic distance showed a linear decrease in biomass and fruit number, 
whereas seed weight decreased up to an intermediate background genetic distance, and 
then increased slightly among the  most close and distant crosses (Figure 4.2B; Table 
4.4).  
 
To compare our analysis of genetic analysis of optimal outcrossing distances to 
previous studies, we also tested for an effect of geographical distance on outcrossing in 
the multivariate analysis. Geographical distance showed a different effect on phenology, 
growth and fitness traits than the effect suggested by either genetic distance. The analysis 
using the proxy-geographic distance indicated a significant positive quadratic relationship 
with phenology traits, with hybrids from intermediate geographic distances bolting later 
and having more leaves at bolting compared to hybrids from geographically close or 
distant parents (Figure 4.2C). This is opposite to the prediction for optimal outcrossing as 
well as opposite to the relationship observed for both adaptive and background genetic 
distances. For the remaining growth and fitness traits, the effect of geographic distance 
was generally weak and non-significant (after Bonferonni correction), with the exception 
of height and seed weight, which showed reduced trait values for crosses at close 
geographic distances (Figure 4.2C, Table 4.4). 
 
DISCUSSION  
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Independent assortment and recombination of locally adaptive genomic regions 
between distantly related parents can decrease the performance of offspring for 
environmentally selected traits (Waser et al. 2000; Grindeland 2008). However, crossing 
between closely related parents often results in inbreeding depression, also leading to 
reduced offspring performance (Lynch 1991). Thus, during outcrossing between parental 
ecotypes separated along a gradient of genetic distance, selection may have to balance the 
consequences of disrupting local adaption and coadapted genes at greater distances while 
also avoiding inbreeding depression and other dominance effects at closer distances, 
predicting an intermediate optimum crossing distance (Figure 4.1). Our study supports 
the existence of such an optimal outcrossing distance between A. thaliana ecotypes in 
which there is loss of local adaptation with adaptive genetic distance between the parents. 
Increased adaptive genetic distance resulted in reduced performance for most traits; 
however, we also observed lower performance at very close adaptive genetic distances, 
suggesting additional negative effects of inbreeding. Thus, our results suggest that 
selection history may favor recombinant offspring genotypes that come from an 
intermediate degree of adaptive genetic distance between the parents. 
 
The strongest evidence for optimal outcrossing we observed was for phenology 
traits (bolting time and leaves at bolting). The earliest bolting hybrids were produced by 
crosses that were intermediate in adaptive genetic distance between the parents, as 
predicted by the optimal outcrossing hypothesis. Abundant evidence exists from studies 
of A. thaliana for local adaptation at both the phenotypic and molecular level (Mitchell-
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Olds and Schmitt 2006, Ågren and Schemske 2012; Ågren et al. 2013), and traits such as 
bolting and flowering time are clearly associated with locally adaptive ecological 
differentiation (McKay et al. 2003; Stinchecombe et al. 2004, Lasky et al. 2012; Lasky et 
al. 2014). Bolting time shows evidence of adaptation to climatic conditions (Montesinos-
Navarro et al. 2011), and is associated with fitness under field conditions (Korves et al. 
2007). It has also been reported that selection on bolting time can constrain or enhance 
the ability of particular genotypes to colonize different areas (Griffith et al. 2004), for 
example later flowering genotypes have more restricted range potentials and narrower 
niche breadths than earlier flowering genotypes (Banta et al. 2012).  
Our observation of slower bolting speed at larger adaptive genetic distances 
suggests that recombination between locally adapted populations may generate a mis-
match in the adaptive alleles in admixed genotypes, reducing their level of local 
adaptation (Verhoeven et al. 2011). Yet, phenology traits also experienced loss of 
performance between genetically close parents in our crosses, possibly the result of loss 
of overdominance (Mitchell-Olds 1995) or linked partially deleterious alleles in the 
regions of adaptive SNP loci (Bustamante et al. 2002). This suggests that some of the 
benefit of intermediate outcrossing distances may accrue from heterosis, which may 
affect both adaptive and background genetic distances, based on the intermediate optima 
evident for both types of genetic distance (Figure 4.2). 
 
Selection favors different alleles over the geographic range of a species in which 
local adaptation has played an important role maintaining adaptive natural variation 
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(Feulner et al. 2015). While this has led to the common assumption that geographic 
distance should be a good predictor for disruption of local adaptation (Price and Waser 
1979; Schmidt and Levin1985; Waser and Price 1989), we found geographic distance to 
be a relatively poor fit to the optimal outcrossing hypothesis compared to adaptive and 
background genetic distances (Figure 4.2, Table 4.4). Genomic tools have provided 
extensive evidence for the genetic basis of local adaptation (e.g., Lasky et al. 2014; 
Yoder et al. 2014; Rellstab et al. 2017). With the growing availability of methods to 
uncover locally adapted regions of the genome, we expect that future studies of 
admixture across a gradient of adaptive genetic distances will uncover similar findings, 
especially when allelic interactions within or between loci are implicated in the genetic 
architecture of adaptation. For example a recent study with different populations of 
Arabidopsis thaliana across its native range reported evidence of strong selection on a 
defense trait against herbivores (glucosinolate profiles) (Brachi et al. 2015). This study 
suggests two genes (MAM1 and GS-OH) to be the targets of divergent selection between 
Eastern and Western Europe driven by the local herbivore community (Brachi et al. 
2015). Because these two genes are part of the same biosynthetic pathway and have 
epistatic effects on fitness, these results suggest that selection played a role in locking the 
genome into locally favorable combinations of alleles (Brachi et al. 2015). Thus, 
hybridization could break out the locally adaptive genome bringing negative fitness 
consequences.  
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Since fitness traits are sensitive to environmental conditions, it is important to be 
cautious when interpreting the performance of our experimental hybrids measured in a 
single test environment (18°C under 16L: 8D). In particular, we recognize that our 
experimental growing conditions do not reflect the full range of natural environments of 
all the parental ecotypes used in our study, which can constrain the response of the 
different traits measured. However, growth temperatures around 18°C with no water 
limitations have been used in other studies as a benign growth environment for 
Arabidopsis thaliana ( Lee et al. 2013, Posé et al. 2013). Favorable growing conditions 
allowed us to assess the effects of genetic and geographic crossing distances under 
conditions conducive to plant growth, but probably missed differential responses to stress 
that may be important aspects of local adaptation. Future studies should incorporate 
limiting abiotic factors or other forms of stress in order to have a more realistic scenario 
and ideally, hybrids should be measured in both native parental environments in a 
reciprocal transplant design in order to compare how hybrid fitness compares to parental 
fitness under the conditions to which the parental genotypes adapted. 
 
This contribution is relevant to studies that wish to make predictions of plant 
performance in hybrid crosses between different genetically divergent lines. Based on our 
results, integrating information on adaptive genetic distances based on genome scans for 
local adaptation provides additional information on plant performance beyond what is 
attributable to genome-wide measures of overall kinship or geographic distance. As 
population genomic studies identify additional candidates for local adaptation, future 
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work testing the relevance of adaptive genetic distance on crosses should evaluate the 
context-dependency of optimal outcrossing across a range of growth environments and 
for a larger fraction of the locally adaptive portion of the genome. Studies of optimal 
outcrossing based on accumulated knowledge of the genomic basis of local adaptation 
have great potential to reveal the fitness effects of recombination between locally adapted 
populations, and the implications this has for species experiencing admixture when 
expanding their ranges.  
 
ACKNOWLEDGEMENTS 
Funding for this study was provided by a Fulbright Scholarship to KPL, NIFA-
HATCH to JM, and NSF-1461868 to SK. We gratefully acknowledge the organizers of 
the 2016 AGA Symposium on Local Adaptation, especially L. Delph and A. Baker. We 
also thank the 2 anonymous reviewers for helpful comments that improved the 
manuscript. 
 
CONFLICT OF INTEREST 
None 
 
REFERENCES  
Ågren J, Oakley CG, McKay JK, Lovell JT, Schemske DW (2013). Genetic mapping of 
adaptation reveals fitness tradeoffs in Arabidopsis thaliana. Proc Natl Acad Sci USA 
110: 21077–21082. 
 113 
 
Ågren J, Schemske DW (2012). Reciprocal transplants demonstrate strong adaptive 
differentiation of the model organism Arabidopsis thaliana in its native range. New 
Phytol 194: 1112–1122. 
Anastasio AE, A Platt, M Horton, E Grotewold, R Scholl, J Borevitz M. et al. (2011) 
Source verification of mis-identified Arabidopsis thaliana accessions. Plant J. 
67:554-566 
Atwell S, Huang YS, Vilhjálmsson BJ, Willems G, Horton M, Li Y, et al. (2010). Genome-
wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines. 
Nature 465: 627–631. 
Banta JA, Ehrenreich IM, Gerard S, Chou L, Wilczek A, Schmitt J, et al. (2012). Climate 
envelope modelling reveals intraspecific relationships among flowering phenology, 
niche breadth and potential range size in Arabidopsis thaliana. Ecol Lett 15: 769–
777. 
Barton NH (2001) The role of hybridization in evolution. Mol Ecol 10: 551-568 
Barton NH, Hewitt GM (1985). Analysis of hybrid zones. Annu Rev Ecol Syst 16: 113–148. 
Brachi B, Meyer CG, Villoutreix R, Platt A, Morton TC, Roux F, Bergelson J (2015). 
Coselected genes determine adaptive variation in herbivore resistance throughout 
the native range of Arabidopsis thaliana. PNAS 13:4032-4037 
Bustamante CD, Nielsen R, Sawyer SA, Olsen KM, Purugganan MD, Hartl DL (2002). The 
cost of inbreeding in Arabidopsis. Nature 416: 531–534. 
Byers DL (1998). Effect of cross proximity on progeny fitness in a rare and a common 
species of Eupatorium (Asteraceae). Am J Bot  85: 644–653. 
 114 
 
Charlesworth D, Charlesworth B (1987). Inbreeding depression and its evolutionary 
consequences. Annu Rev Ecol Syst 18: 237-268.  
Danecek P, Auton A, Abecasis G, Albers CA, Banks E, Depristo MA, et al. (2011). The 
variant call format and VCFtools. 27: 2156–2158. 
Edmands S (1999). Heterosis and outbreeding depression in interpopulation crosses 
spanning a wide range of divergence. Evolution 53: 1757–1768. 
Fenster CB, Galloway LF (2000). Inbreeding and outbreeding depression in natural 
populations of Chamaecrista fasciculate (Fabaceae). Conserv Biol 14: 1406-1412.  
Feulner PGD, Chain FJJ, Panchal M, Huang Y, Eizaguirre C, Kalbe M et al. (2015). 
Genomics of divergence along a continuum of parapatric population differentiation. 
PLoS Genet 11: e1004966. 
Fournier-Level A, Korte A, Cooper MD, Nordborg M, Schmitt J, Wilczek AM (2011). A 
map of local adaptation in Arabidopsis thaliana. Science 334: 86–89. 
Friedman E (2015) Consequences of hybridization and heterozygosity on plant vigor and 
phenotypic stability. Plant Sci 232:35-40. 
Gaut B (2012). Arabidopsis thaliana as a model for the genetics of local adaptation. Nat 
Genet 44:115–116. 
Grindeland JM (2008). Inbreeding depression and outbreeding depression in Digitalis 
purpurea : optimal outcrossing distance in a tetraploid. J Evol Biol 21: 716–726. 
Griffith C, Kim E, Donohue K (2004) Life-history variation and adaptation in the 
historically mobile plant Arabidopsis thaliana (Brassicaceae) in North America. Am 
J Bot 91:837-849. 
 115 
 
Goulet BE, Roda F, Hopkins R (2017) Hybridization in plants: Old ideas, new techniques. 
Plant Physiol 173: 65-78. 
Hancock AM, Brachi B, Faure N, Horton MW, Jarymowycz LB, Sperone FG, et al. (2011). 
Arabidopsis thaliana genome. Science 334: 83-86. 
Hartfield M, Otto SP (2011) Recombination and hitchhiking of deleterious alleles. 
Evolution 65: 2421-2434. 
Hoban S, Kelley JL, Lotterhos KE, Antolin MF, Bradburd G, Lowry DB, et al. (2016) 
Finding the genomic basis of local adaptation: pitfalls, practical solutions, and future 
directions. Am Nat 188: 379-397. 
Huber CD, Nordborg M, Hermisson J, Hellmann I (2014). Keeping it local: Evidence for 
positive selection in swedish Arabidopsis thaliana. Mol Biol Evol 31: 3026–3039. 
Hufford KM, Mazer SJ (2003). Plant ecotypes: genetic differentiation in the age of 
ecological restoration. Trends Ecol  Evol 18: 147–155. 
JMP, Version 12.0. SAS Institute Inc., Cary, NC, 1989-2007.  
Kawecki TJ, Ebert D (2004) Conceptual issues in local adaptation. Ecology letters 7: 1225-
1241. 
Keller SR, Taylor DR (2010). Genomic admixture increases fitness during a biological 
invasion. J Evol Biol 23: 1720–1731. 
Kim S, Plagnol V, Hu TT, Toomajian C, Clark RM, Ossowaki S, et al.(2007) 
Recombination and linkage disequilibrium in Arabidopsis thaliana. Nature Genet 
39:1151-1155.  
 116 
 
Korves TM, Schmid KJ, Caicedo AL, Mays C, Stinchcombe JR, Purugganan MD, et al. 
(2007). Fitness effects associated with the major flowering time gene FRIGIDA in 
Arabidopsis thaliana in the field. Am Nat 5: 141–157. 
Lande R, Schemske DW (1985). The evolution of self-fertilization and inbreeding 
depression in plants. I. Genetic models. Evolution 39: 24- 40. 
Lasky JR, Des Marais DL, Lowry DB, Povolotskaya I, McKay JK, Richards JH, et al. 
(2014) Natural variation in abiotic stress responsive gene expression and local 
adaptation to climate in Arabidopsis thaliana Mol Biol Evol 31: 2283-2296 
Lasky JR, Des Marais DL, McKay JK, Richards JH, Juenger TE, Keitt TH (2012) 
Characterizing genomic variation of Arabidopsis thaliana: the roles of geography 
and climate. Mol Ecol. 21:5512–5529 
 Lavergne S, Molofsky J (2007). Increased genetic variation and evolutionary potential drive 
the success of an invasive grass. Proc. Natl Acad Sci USA 104: 3883–3888. 
Lee JH, Ryu HS, Chung KS, Posé D, Kim S, Schmid M, Ahn JH (2013) Regulation of 
temperature-responsive flowering by MADS-box transcription factor repressors. 
Science 342:628–632.  
Lewontin RC, Krakauer J (1973). Distribution of gene frequency as a test of the theory of 
the selective neutrality of polymorphisms. Genetics 74: 175-195. 
Lippman ZB, Zamir D (2007). Heterosis: revisiting the magic. Trends Genet 23: 60–66. 
Linhart YB, Grant MC (1996). Evolutionary significance of local genetic differentiation in 
plants. Annu. Rev Ecol Syst 27:237–277. 
Lynch M (1991). The genetic interpretation of inbreeding depression and outbreeding 
 117 
 
depression. Evolution 45: 622–629. 
McCune B, Mefford MJ (2011) PC-ORD. Multivariate Analysis of Ecological Data. 
Version 6. MjM Software, Gleneden Beach, Oregon, USA 
McKay JK, Richards JH, Mitchell-Olds T (2003) Genetics of drought adaptation in 
Arabidopsis thaliana: I. Pleiotropy contributes to genetic correlations among 
ecological traits. Mol Ecol 12:1137–1151. 
Mindaye TT, Mace ES, Godwin ID, Jordan DR (2016). Genetic differentiation analysis for 
the identification of complementary parental pools for sorghum hybrid breeding in 
Ethiopia Theor Appl Genet 128:1765–1775 
Mitchell-Olds T (1995).Interval mapping of viability loci causing heterosis in Arabidopsis. 
Genetics 140: 1105-1109. 
Mitchell-Olds T, Schmitt J (2006) Genetic mechanisms and evolutionary significance of 
natural variation in Arabidopsis. Nature 441: 947-952. 
Montesinos-Navarro A, Wig J, Pico FX, Tonsor SJ (2011). Arabidopsis thaliana 
populations show clinal variation in a climatic gradient associated with altitude. 
New Phytol 189: 282–294. 
Oakley CG, Ågren J, Schemske DW (2015). Heterosis and outbreeding depression in 
crosses between natural populations of Arabidopsis thaliana. Heredity 115: 73–82. 
Oostermeijer JGB, Altenburg RGM, den Nijs JCM (1995). Effects of outcrossing distance 
and selfing on fitness components in the rare Gentiana pneumonanthe 
(Gentianaceae). Acta Bot Neerl 44: 257–268. 
Platt A, Horton M, Huang YS, Li Y, Anastasio AE, Mulyati NW, et al. (2010). The scale of 
 118 
 
population structure in Arabidopsis thaliana. Plos Genet 6: e1000843. 
Posé D, Verhage L, Ott F, Yant L, Mathieu J, Angenent GC, et al (2013) Temperature-
dependent regulation of flowering by antagonistic FLM variants. Nature 125:1–
16.  
Prentis PJ, Wilson JRU, Dormontt EE, Richardson DM, Lowe AJ (2008). Adaptive 
evolution in invasive species. Trends Plant Sci 13: 288–294. 
Price MV, Waser NM (1979). Pollen dispersal and optimal outcrossing in Delphinium 
nelsoni. Nature 277: 294–297. 
Purcell
 
S, Neale B, Todd-Brown L, Ferreira MAR, Bender D, et al. (2007). PLINK: A tool 
set for Whole-Genome Association and population-based linkage analyses. Am J 
Hum Genet 81: 558-575. 
Rellstab C, Fischer MC, Zoller S, Graf R, Tedder A, Shimizu KK, Widmer A, Holderegger 
R, Gugerli F (2017). Local adaptation (mostly) remains local: reassessing 
environmental associations of climate-related candidate SNPs in Arabidopsis halleri. 
Heredity 118:193-201. 
Rieseberg LH, Widmer A, Arntz AM, Burke JM (2003). The genetic architecture necessary 
for transgressive segregation is common in both natural and domesticated 
populations. Philos Trans R Soc Lond B Biol Sci 358: 1141–1147. 
Rutter MT, Fenster CB (2007). Testing for adaptation to climate in Arabidopsis thaliana: a 
calibrated common garden approach. Ann Bot 99: 529–536. 
 119 
 
Schmidt KP, Levin DA (1985). The comparative demography of reciprocally sown 
populations of Phlox drummondii Hook. I. Survivorships, fecundities, and finite 
rates of increase. Evolution 39: 396–404. 
Stinchcombe JR, Weinig C, Ungerer M, Olsen KM, Mays C, Halldorsdottir SS, et al 
(2004) A latitudinal cline in flowering time in Arabidopsis thaliana modulated by 
the flowering time gene FRIGIDA. Proc Natl Acad Sci USA 101:4712-4717. 
Verhoeven KJF, Macel M, Wolfe LM, Biere A (2011). Population admixture, biological 
invasions and the balance between local adaptation and inbreeding depression. Proc 
Biol Sci USA 278: 2–8. 
Waser NM, Price MV, Shaw RG (2000). Outbreeding depression varies among cohorts of 
Ipomopsis aggregate planted in nature. Evolution 54: 485-491. 
Waser NM, Price MV (1989). Optimal outcrossing in Ipomopsis aggregata: seed set and 
offspring fitness. Evolution 43: 1097–1109. 
Whitlock MC (2015). Modern approaches to local adaptation. Am Nat 186: 1-4.  
Wright S (1943). Isolation by distance. Genetics 28: 114–138. 
Yoder JB, Stanton-Geddes J, Zhou P, Briskine R, Young ND, Tiffin P (2014). Genomic 
signature of adaptation to climate in Medicago truncatula. Genetic 196: 1263-1275 
 
 
 
 
 
 120 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Predictions on the mechanisms that influence fitness hybrids due to 
geographic and genetic distances. A) Decrease in fitness due to inbreeding depression. B) 
Increase in fitness due to local adaptation. C) Increase in fitness due to heterosis. D) 
Intermediate fitness due to partial loss of local adaptation. E) Decrease in fitness due to 
outbreeding depression (disruption of coadapted genes or loss of local adaptation).   
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Figure 4.2. Relationship between phenology, growth and fitness traits and different 
parental distance metrics (A. and adaptive genetic distances, B. background genetic,C. 
proxy-geographic) in F1 hybrids of A. thaliana. 
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Figure 4.3. Relationship between phenology and fitness traits in F1 hybrids of A. 
thaliana.
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Table 4.1. Theoretical predictions of fitness on hybrid offspring across a range of geographic and genetic crossing distances (low, mid 
and high) due to different evolutionary processes. Arrows show the effect on fitness related trait.  
 
Crossing 
distance 
Observed 
pattern  
Inferred evolutionary processes Regions 
in Fig4. 1 
    
Geographic  Quadratic   
  Low: Inbreeding depression []  + local adaptation [] A, B 
  Mid: Heterosis []  +  local adaptation [] C, D 
  High: Local adaptation []  +  coadapted genes [] E 
    
Background 
Genetic  
Quadratic   
  Low: Inbreeding depression []  A 
  Mid: Heterosis []  C 
  High: Coadapted genes [] E 
    
Adaptive 
Genetic  
Linear or 
quadratic 
  
  Low: Local adaptation []  +  inbreeding depression [] B, A 
  Mid: Local adaptation []  +  heterosis [] D, C 
  High: Local adaptation [] E 
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Table 4.2. Information from TAIR on the seventeen ecotypes of A. thaliana selected from Atwell et al. (2010). † Indicates ecotypes in 
which their origin is unknown (Anastasio et al. 2011). 
 
Ecotype Origin Latitude Longitude 
Wei-0 Switzerland (SUI) 47.25 8.26 
Zu-1 Switzerland (SUI) 47.3667 8.55 
Bu-0 Germany (GER) 50.5 9.5 
Aa-0 Germany (GER) 50.9167 9.57073 
Col-0† Unknown  Unknown Unknown 
Ka-0 Austria (AUT) 47 14 
Lp2-2 Czech Republic (CZE) 49.38 16.81 
Tu-0† Unknown Unknown Unknown 
Ang-0 Belgium (BEL) 50.3 5.3 
Ga-0 Germany (GER) 50.3 8 
Lp2-6 Czech Republic (CZE) 49.38 16.81 
Sq-1 United Kingdom (UK) 51.4083 -0.638 
In-0 Austria (AUT) 47.5 11.5 
Uod-7† Unknown Unknown Unknown 
Tsu-1† Unknown Unknown Unknown 
Gie-0† Unknown Unknown Unknown 
Oy-0 Norway (NOR) 60.39 6.19 
 
  
 
1
2
5
 
Table 4.3. Crossing design based on parental geographic, locally adaptive, and background genetic distances. Geographic distances 
are based on Euclidean distance using the latitude and longitude of their locations. Geographic origin was verified with the results of 
Anastasio et al. (2011). Geographic distance of ecotypes with unknown origin has been calculate after replacement with their closely 
related ecotype base on genome-wide estimates of pairwise kinship from (Atwell et al. 2010). Countries where ecotypes come from: 
GER (Germany), NOR (Norway), UK (United Kingdom), AUT (Austria), SUI (Switzerland), BEL (Belgium) and CZE (Czech 
Republic). Not found closely related ecotypes (N.F.)  
Crosses by 
ecotype ID 
Crosses by their 
origin 
Adaptive 
genetic distance 
Background 
genetic distance 
Geographic 
distance (km) 
Closely related 
ecotype ID of the 
unknown ecotype 
Lp2-6 x Lp2-2 CZE x CZE 0.0349 0.0231 0.00 
 Wei-0 x Zu-1 SUI x SUI 0.0157 0.0300 25.43 
 Aa-0 x Bu-0 GER x GER 0.0143 0.0294 46.60 
 Aa-0 x Ga-0 GER x GER 0.0102 0.0244 130.30 
 Ka-0 x In-0 AUT x AUT 0.0334 0.0406 196.70 
 Ang-0 x Sq-1 BEL x UK 0.0035 0.0455 434.5 
 Gie-0 x Oy-0 Unknown x NOR 0.0356 0.0392 0.00 Oy-0 
Tsu-1 x Tu-0 Unknown x Unknown 0.0116 0.0457 
 
N.F. 
Col-0 x Sq-1 Unknown  x UK 0.0202 0.0508 1077.00 H-55 
Col-0 x Aa-0 Unknown x GER 0.0317 0.0368 638.60 H-55 
Col-0 x Uod-7 Unknown x Unknown 0.0528 0.0294 868.70 H-55, Uod-1 
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Table 4.4. Multiple regression table including linear and quadratic effects of genetic and geographic distances. P-values in bold are 
significant after Bonferonni correction ( = 0.05/6 = 0.008). 
  
Unstandardized Coefficient 
Standardized 
Coefficient     
Response Variable B SE Beta t P<0.008 
Bolting speed (1/days) 
     Intercept 0.2814 0.0151 0.0000 18.6700 <.0001 
Adaptive Genetic Distance -1.7629 0.2012 -0.9134 -8.7600 <.0001 
Adaptive Genetic Distance² -38.1583 10.1493 -0.3097 -3.7600 0.0003 
Background Genetic Distance -2.2199 0.3172 -0.6992 -7.0000 <.0001 
Background Genetic Distance² -379.2405 40.5247 -0.8968 -9.3600 <.0001 
Proxy Geographic Distance -8.37x10
-7
 1.02x10
-5
 -0.0104 -0.0800 0.9345 
Proxy Geographic Distance² 2.5x10
-7 
2.77x10
-8
 1.1707 9.0300 <.0001 
Number of leaves at bolting  
     Intercept -0.6891 0.0858 0.0000 -8.0300 <.0001 
Adaptive Genetic Distance -10.2322 1.1460 -0.8407 -8.9300 <.0001 
Adaptive Genetic Distance² -213.5617 57.7979 -0.2749 -3.6900 0.0004 
Background Genetic Distance -12.3149 1.8062 -0.6152 -6.8200 <.0001 
Background Genetic Distance² -2960.5520 230.7798 -1.1103 -12.8300 <.0001 
Proxy Geographic Distance -2.37x10
-5
 5.78x10
-5
 -0.0466 -0.4100 0.6831 
Proxy Geographic Distance² 1.67x10
-6
 1.58x10
-7
 1.2356 10.5600 <.0001 
Height (cm) 
     Intercept 37.4910 5.9531 0.0000 6.3000 <.0001 
Adaptive Genetic Distance -57.3551 79.5081 -0.1121 -0.7200 0.4724 
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Adaptive Genetic Distance² -7163.3520 4009.8910 -0.2194 -1.7900 0.0771 
Background Genetic Distance -201.2642 125.3067 -0.2392 -1.6100 0.1115 
Background Genetic Distance² 41512.0100 16010.9900 0.3703 2.5900 0.0110 
Proxy Geographic Distance 0.0096 0.0040 0.4517 2.4000 0.0181 
Proxy Geographic Distance² -3.13x10
-5
 0.000011 -0.5528 -2.8600 0.0051 
Biomass (mg) 
     Intercept 20.8417 3.1422 0.0000 6.6300 <.0001 
Adaptive Genetic Distance -68.0925 41.9665 -0.2448 -1.6200 0.1079 
Adaptive Genetic Distance² -4603.8230 2116.5310 -0.2593 -2.1800 0.0320 
Background Genetic Distance -205.1340 66.1403 -0.4483 -3.1000 0.0025 
Background Genetic Distance² 16041.9870 8451.0410 0.2632 1.9000 0.0606 
Proxy Geographic Distance 0.0043 0.0021 0.3683 2.0200 0.0462 
Proxy Geographic Distance² -1.27x10
-5
 5.78x10
-6
 -0.4108 -2.1900 0.0308 
Number of fruits  
     Intercept 2.5089 0.1959 0.0000 12.8100 <.0001 
Adaptive Genetic Distance -8.2830 2.6164 -0.4695 -3.1700 0.0021 
Adaptive Genetic Distance² -289.0316 131.9548 -0.2567 -2.1900 0.0309 
Background Genetic Distance -18.6301 4.1235 -0.6420 -4.5200 <.0001 
Background Genetic Distance² 309.5684 526.8787 0.0801 0.5900 0.5582 
Proxy Geographic Distance 0.0004 0.0001 0.4761 2.6500 0.0093 
Proxy Geographic Distance² 3.97x10
-8
 3.60x10
-7
 0.0203 0.1100 0.9125 
Seed weight (mg) 
     Intercept 1.9548 0.2381 0.0000 8.2100 <.0001 
Adaptive Genetic Distance -1.9833 3.1780 -0.0909 -0.6200 0.5340 
Adaptive Genetic Distance² -437.8378 156.4825 -0.3145 -2.8000 0.0062 
  
 
1
2
8
 
Background Genetic Distance -17.0705 4.9456 -0.4759 -3.4500 0.0008 
Background Genetic Distance² 2398.7780 640.6284 0.5006 3.7400 0.0003 
Proxy Geographic Distance 0.0007 0.0002 0.7520 4.4200 <.0001 
Proxy Geographic Distance² -1.42x10
-6
 4.35x10
-7
 -0.5828 -3.2600 0.0015 
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CHAPTER 5: RECOMBINATION EFFECTS ON F2 HYBRIDS OF 
ARABIDOPSIS THALIANA UNDER LIMITING AND NOVEL GROWING 
CONDITIONS 
KATTIA PALACIO-LOPEZ AND JANE MOLOFSKY
 
Department of Plant Biology, University of Vermont, Burlington, Vermont 05405 
 
Summary 
 Hybridization events can increase genetic variation through the 
introduction of new alleles that can cause transgressive segregation, a process that 
expands functional trait values, exceeds the parental source, or generates new trait values. 
To test the importance of genetic distance and environment on the frequency and type of 
transgressive segregation, we examined the effect of recombination events under limiting 
growing conditions in artificial hybrids of Arabidopsis thaliana. 
 We grew hybrids and their parental ecotypes under drought, high 
temperature, or freezing conditions in the field over winter. From these plants, we 
estimated a phenotypic space of phenology, growth and fitness traits using a non-metric 
multidimensional scaling (NMDS) approach. We compared mean phenotypic values and 
estimates heterosis and/or outbreeding depression of 13 F2 hybrid families created from 
selfed-F1 hybrids of A. thaliana ecotypes that differ in their neutral genetic distance 
between parents. 
 We found that some F2 hybrids, and therefore only one crossing-over 
event, is required to shift mean and variance phenotype away from their parents. 
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Moreover, the phenotypic shift in F2 hybrids is strongly affected by the environment in 
which the plants are growing. Contrary to our expectations, genetically close hybrids 
exceed parental ecotypes more frequently than genetically distant hybrids.  
 This study documents how recombination events can increase variation of 
some offspring genotypes, shifting their phenotypes away from their parental ecotypes 
and in some cases, generating transgressive segregation, heterosis and/or outbreeding 
depression. We also provide empirical evidence of the effect of different limiting 
growing conditions on admixed genotypes and their parental ecotypes. 
  
Introduction 
Recent changes in global precipitation and temperature have the potential to affect 
plant fitness by altering growth, productivity, and reproductive success (Chapin et al., 
1995; Henry & Molau 1997). Environmental changes are happening at an accelerated 
rate, which can negatively affect current adaptations (Parmesan 1996; Hoffman & Sgro 
2011; Lindsey et al., 2013). Admixture recombines genomes between historically 
isolated lineages – a common mechanism by which novel phenotypes arise – thus 
potentially generating adaptive traits allowing organisms to increase their evolutionary 
responsiveness to novel sources of selection by increasing genetic variation (Ellstrand & 
Schierenbeck 2000; Latta et al., 2007; Molofsky et al., 2014; Hahn & Rieseberg 2016). 
Hybridization can also generate adaptations that lead to range expansions and/or increase 
the fecundity of local populations (Keller & Taylor 2010). Furthermore, admixture can 
create an array of new genotypes with novel trait combinations (Molofsky et al., 2014). 
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These novel trait combinations may allow hybrid genotypes to perform differently than 
the parental genotypes in response to new environmental conditions (Rieseberg et al., 
1999; Barton 2001; Rius & Drling 2014).  
 
Transgressive segregation (TS) is a major mechanism by which extreme or novel 
adaptations observed in new hybrid ecotypes or species arise (Rieseberg et al., 1999). 
When segregating hybrids express extreme phenotypes, rapid and adaptive phenotypic 
shifts can increase fitness under particular environments (Rieseberg et al., 1999; 
Campbell et al., 2008). However, to our knowledge, there is no empirical evidence 
describing how hybrids behave in novel and/or growth-limiting environmental conditions 
such as drought, high temperatures, or freezing conditions. 
 
The genetic architecture that occur after hybridization events can be studied by 
creating several generations of admixed individuals. The simplest scenario, in which 
dominance and epistasis are absent, is where the hybrid phenotypes are the result of 
adding half of the genetic material of each of their progenitors. Thus, considering only 
the effects of additive genetic variance, the trait value in any hybrid generation will be 
equivalent to the mid-parent trait value (Falconer & Mckay 1996; Johansen-Morris & 
Latta 2006). If parental populations are highly inbred, admixed individuals may benefit 
from masking deleterious alleles in heterozygous genotypes, potentially resulting in 
heterosis (hybrid vigor), i.e. the phenotypic superiority of hybrid genotypes compared to 
their parents (Lippman & Zamir 2007; Rius & Darling 2014), or gene overdominance 
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(Barton & Hewitt 1985; Lynch 1991; Prentis et al., 2008). Alternatively, reduced fitness 
in admixed individuals could result because of inbreeding or outbreeding depression 
(Charlesworth & Charlesworth 1987; Lynch 1991; Oostermeijer et al., 1995; Byers 
1998).  
 
In nature, hybrids can exceed in a positive or negative way the mid-parent trait 
value due to different types of gene interactions (Fenster et al., 1997). For example, F1 
hybrids can positively exceed mid-parent trait values as a consequence of dominance of 
favorable genes isolated in the two progenitors (Lynch 1991; Falconer and Mckay 1996), 
as has been shown in hybrids between natural populations of Arabidopsis thaliana L. 
(Brassicaceae) (Oakley et al., 2015). In F2 hybrids, in which recombination events begin, 
trait values could be lower than the mid-parent and the F1 hybrids as a result of the 
dilution of epistatic interactions (Whitlock et al., 1995; Fenster et al., 1997), as was 
found in the F2 and F3 hybrids of Chamaecrista fasciculata (Fenster & Galloway 2000). 
Subsequent hybrids generation could be exposed to more recombination events and/or 
selection generating recombinant inbred lines (RILs) that are homozygous across most 
loci (Falconer & Mckay 1996; Broman 2005; Johansen-Morris & Latta 2006). In many 
cases, selection purges deleterious mutations and fixes the favorable ones (Falconer & 
Mckay 1996; Broman 2005; Johansen-Morris & Latta 2006). Thus, F2 hybrids are an 
ideal system in which to study the raw material that is acted upon by selection in 
subsequent recombining generations. 
 
 133 
 
Genetic variance that results after the first crossing-over event in the F2 generation is 
exposed to selective pressures of the local environment, which are determined by the 
geographic location of the admixed population (Fester & Galloway 2000). Geographic 
distance separating populations has been used as an indicator of an optimal outcrossing 
distance that balances the fitness effects of inbreeding depression at short distances with 
disruption of coadapted alleles and loss of local adaptation at greater distances (Price & 
Waser 1979; Waser & Price 1989). However, a recent study showed that geographic 
distance is not always a good indicator of optimal outcrossing distance (Palacio-Lopez et 
al., submitted). Instead of geography, it is proposed that genetic distance may reveal 
different contributions to the fitness of offspring produced by admixture between 
geographically separated populations, and provide a more mechanistic understanding of 
optimal outcrossing distances (Palacio-Lopez et al., submitted).  
 
Arabidopsis thaliana (Brassicaceae) provides an ideal model system in which to 
study admixture and the contributions of recombination events on life history traits. This 
annual plant has self-fertilization as a primary mating system, in which natural 
outcrossing and admixture is rare but occurs in nature frequently enough to influence 
population structure and generate clear signals of isolation by geographic distance (Platt 
et al., 2010). Furthermore, despite its mostly selfing mating system, A. thaliana is not 
immune to the accumulation of deleterious mutations (Bustamante et al., 2002; Ågren et 
al., 2013). 
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Here, we study the effects of admixture after recombination events in artificial F2 
hybrids from 17 A. thaliana ecotypes that differ in their neutral genetic distance under the 
potentially novel and extreme environmental conditions of drought and high temperature, 
and under more realistic conditions such as freezing in the field over winter. We created 
13 F2 hybrids to test the following questions: (1) does hybridization generate a range of 
progeny with transgressive genotypes and segregating trait values beyond the range of 
their parents; (2) do transgressive genotypes manifest more frequently under limiting 
growing  environmental conditions; (3) do hybrids created from genetically closely 
related genotypes versus genetically distantly related genotypes display similar levels of 
TS in phenology and growth traits; and 4) do hybrid offspring from closely related 
parents and hybrid offspring from distantly related parents differ in their patterns of 
heterosis, inbreeding and outbreeding depression? We predict that F2 hybrids should both 
positively and negatively exceed mid-parent trait values. Specifically, we predict that F2 
hybrids of closely related parental ecotypes should show a reduction in performance due 
to inbreeding depression (Lynch 1991). In contrast, F2 hybrids of genetically distantly 
related parental ecotypes should express an array of novel phenotypic values, which may 
increase individuals’ performance under stressful conditions as a result of favorable 
epistatic interactions(Lynch 1991). 
 
 Material and Methods 
Study system 
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Seeds from 17 distinct ecotypes sampled from across a range of neutral genetic 
distances observed in natural populations of A. thaliana were ordered from The 
Arabidopsis Information Resource (TAIR; available at www.arabidopsis.org) (TAIR, 
2000) (Table 5.1). To reduce maternal effects, plants were grown for one generation 
under controlled long-day conditions (16 h light: 8 dark, at 18°C) in a growth chamber 
using standard Metro-mix soil, with bottom watering provided every two days. Seeds 
produced from these plants were cold stratified at 4°C to synchronize germination. 
Imbibed seeds were then transferred to soil, and placed under 18°C to stimulate 
germination, leaving one plant per 5 cm pot until they flowered. 
 
Cross design 
Selection of parental ecotypes 
We selected 17 parental ecotypes based on the kinship matrix reported by Atwell 
et al. (2011), which includes 107 natural ecotypes of A. thaliana, to determine overall 
relatedness among the different ecotypes. Then, we calculated the background genetic 
distances between parental ecotypes of each hybrid from SNP loci across the genome for 
the 17 parental ecotypes. We obtained SNP genotypes for each of our parental ecotypes 
using publically available data from the Arabidopsis 1001 Genomes project 
(http://1001genomes.org/about.html). SNP genotype data were converted to Variant Call 
Format (VCF) and filtered using VCFtools (Danecek et al., 2011) to keep only biallelic 
SNPs annotated as occurring within intergenic regions, these regions being likely to 
contain neutral genetic variation broadly across the genomic background. We retained a 
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total of 961 SNPs that were used to estimate background genetic distance (calculated as 
1-identity by state) using Plink v1.9 (Purcell et al., 2007). See Chapter 4 for more details.  
 
The 17 parental ecotypes were crossed to create 13 hybrids (Table 5.1). We 
grouped our 13 hybrids into two categories based on the median of all background 
genetic distances (Table 5.1). Category I included genetically closely related hybrids 
which resulted from crossing events between closely related ecotypes – hybrids with 
genetic distance below the median (hereafter referred to as ‘close hybrids’). Category II 
included genetically distant related hybrids, hybrids with genetic distance above the 
median (hereafter referred to as ‘distant hybrids’). 
 
Creation of hybrids 
We created F1 hybrids by hand pollinating one flower per plant. We first selected 
the flower to be emasculated and removed all other reproductive structures on the plant in 
order to favor resource allocation into reproduction. We emasculated pollen from flowers 
prior to anthesis to prevent accidental self-pollination and outcrossed with pollen from a 
distinct ecotype. Emasculated controls that were not pollinated (n=25) did not produce 
fruit. Most of the hybrids resulted from 2 to 5 different successful crosses in which we 
used different plants as male and female for a particular ecotype (Table 5.1). 
 
We recorded the crossing events among the 17 ecotypes and reported the success 
of a cross using a binary matrix. A cross was considered successful if a silique developed 
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(1), otherwise, the cross was considered a failure (0). After the siliques ripened, we 
planted all seeds from a given silique. Germination was considered successful if at least 
one seed per silique germinated (1) and if not, germination was considered unsuccessful 
(0). We estimated the percentage of crossing success by dividing the total number of 
siliques formed by the total number of crossing events for each parental combination. In 
order to estimate seed success, we divided the number of events in which at least one 
seed germinated by the total cross success for each hybrid type. We correlated the 
crossing success and the seed success with background genetic distance by fitting 
multiple regression models in JMP version 12.0.  
 
Creation of experimental plants 
For each ecotype pair, we generated F2 full sib families by self-fertilization of F1 
hybrids (Fig. 5.1). After ripening and seed collection, seedlings (i.e. two parental 
ecotypes and the corresponding F2 hybrids) were exposed to three experimental 
conditions: drought, high temperature and freezing conditions in the field over winter 
(hereafter “over wintering conditions” (Fig. 5.2)). In all experiments, seeds were 
vernalized in darkness for 5 days at 4°C to synchronize germination. Imbibed seeds were 
then transferred to soil, and placed under 18°C to stimulate germination in the growth 
chamber, leaving one plant per 5 cm pot. After 10 days of germination, seedlings were 
exposed to the different environmental conditions. In each experiment, we measured 
offspring performance and tested for the effect of admixture along genetic gradients using 
three different types of traits: (1) phenology: bolting speed (1/days to bolting); (2) 
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growth: height and dry biomass at senescence (biomass); and (3) fitness: total fruit 
number (fruits) and seed weight (seeds).  
 
Experimental treatments 
In order to establish a potential novel environmental condition for hybrids and 
parental ecotypes based on the natural environmental conditions of the parents, we used 
climatic data from WorldClim (www.worldclim.org) (Hijmans et al. 2005) with the raster 
package in R version 3.1.2.  Latitude data for each ecotype were retrieved from TAIR, 
and used to extract data for mean annual temperature (bio1), maximum temperature of 
the warmest month (bio5), annual precipitation (bio12), and precipitation of the driest 
month (bio14) (Table 5.2).  
 
Water limitation experiment  
We applied a drought treatment at an ambient temperature of 18°C because this 
represents a potentially stressful combination for the plant material. In nature, parental 
ecotypes experience lower precipitation during winter months when temperatures are 
below 10°C (Table 5.2). Thus, a water limitation treatment at 18°C could represent a 
novel environmental condition for hybrids and parental ecotypes.   
In February 2015, we used three growth chambers to establish a water limiting 
experiment with two treatments: drought, in which plants were watered every 14 days, 
and control, in which plants were watered twice per week. A total of 11 of the 13 hybrids 
and 13 of the 17 parental ecotypes were exposed to the water limitation experiment 
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(Table 5.1). F2 seeds of the hybrids AUqAUci and USbiGEn were not available.. Thus 
none of these hybrids or their parental ecotypes were included in the design. Each 
chamber was set at 18°C under long-day (16 light: 8 dark) conditions. A total of 6 flats 
with 28 plants (F2 hybrids and parents) were assigned to each chamber (Fig. 5.2a). Three 
out of the six flats were randomly assign as drought treatment and the remaining three 
flats were considered as control treatment. A total of 504 plants between the two 
treatments conditions were established at the beginning of the experiment. We grew six 
plants for each cross and parental ecotype. In addition to bolting speed, we measured 
number of leaves at bolting (1/number of leaves at bolting) and size of rosette at bolting 
(1/rosette size at bolting).   
 
High temperature experiment 
We chose a temperature of 32°C as a novel condition for ecotypes of A. thaliana 
and their artificial hybrids because this temperature represents a potentially stressful 
temperature 12°C higher than the average focal species' maximum temperature of the 
warmest month (Table 5.2). In addition, previous results showed that lower temperatures 
are stressful but not limiting conditions for phenology, growth and reproduction traits for 
our ecotypes (Palacio-Lopez et al., accepted). The increased temperature ensured that our 
environmental conditions were stressful for the plants, without affecting survival 
(Langridge 1962). In July 2016, a total of four chambers were used to evaluate hybrid 
performance under high temperature.  Two chambers were set at 32°C and two chambers 
were set at 18°C. In each chamber, we randomly placed 9 flats with 30 plants which 
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corresponded to a single sample of all our plant material (13 hybrids and 17 parents) (Fig. 
5.2b). A sample size of 18 plants per each hybrid and parent were assign to our two 
treatments for a total of 1080 plants. We randomly selected 7 of the original 9 flats for 
harvest in each chamber and discard the remaining two flats with plants.  
 
Over wintering experiment 
In order to have a more realistic scenario of the response of the genotypes of A. 
thaliana to natural field conditions in which they typically germinate in mid-fall, over-
winter as a rosette and bolt in early spring (Donohue et al., 2005; Manzano-Piedras et al., 
2014), we set up a common garden field experiment in a pasture in Vermont (Fig. 5.2c). 
Seeds were germinated as described above. Ten days after germination, seedlings were 
transferred to a greenhouse to acclimate for 2 weeks. Plants in the greenhouse were 
watered every day and temperature followed natural fluctuations (i.e. temperature was 
not controlled). In October 2016, 20-day-old plants were transferred to the field at the 
horticultural farm of the University of Vermont in Burlington VT (44.4759° N, 73.2121° 
W). Plants were grown in 2 cm by 5 cm cones which were placed in cone trays. Plants 
were planted into a completely randomized design with 24 plants for each of the 13 
hybrids and 17 parental ecotypes for a total of 720 plants. We increased the sample size 
in order to account for mortality over winter. Plants were removed from the field on May 
20 2017 after overwintering.  
 
Data analysis 
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Data were analyzed with ANOVA in JMP version 12.0 to test for chamber and 
treatment effects in the water limiting and high temperature experiment. ANOVAs also 
were carried out to test for differences between two main categories of the study, hybrids 
and parental ecotypes; differences among genotypes (i.e. 13 hybrids and 17 parental 
ecotypes), and differences between the two types of hybrids (i.e. close and distant 
hybrids) in all measured traits. In a subset of the phenology, growth and fitness traits (e.g. 
bolting speed, height and fruits), we tested for differences in variance in the different 
environmental conditions using a two-sided F-test in JMP version 12.0. 
 
In order to evaluate if hybridization generates progeny that occupy a different 
phenotypic space than their parents, we used a nonmetric multidimensional scaling 
(NMDS) approach in which we combined the different trait measurements in each of our 
three experiments. This approach takes into account the genetic architecture and the trait 
correlation pattern of hybrids and parents. NMDS was calculated with the Vegan package 
in R version 3.1.2 (R Core Team, 2013); using the Bray-Curtis dissimilarity calculation. 
We calculated the mean of the NMDS for each parent (P1 and P2) and the hybrid (H) and 
refer to them as the centroids. Using these three centroid points, we calculated the 
summed distance of the hybrid centroid from each of its two parental centroids to get the 
observed (obs) distance of the hybrid from the mid-parent as is show in eq. 1 
 
                                               X(obs) = D(H_P1) + D(H_P2)   eq. 1  
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We randomized the labels of all individuals and calculated the three centroids and 
applied the distance metric (eq. 1) to generate simulated (sim) data as is shown in eq. 2 
using 1000 resampled datasets.  
 
X(sim) = D(H_P1) + D(H_P2)   eq. 2 
 
We compared the X(obs) with the distribution of the 1000 X(sim) and calculate the tail 
probability. If the X(obs) fall in the tail of the distribution of the X(sim) data, we can 
conclude that hybrids differ from the two parental ecotypes.  
 
To address how hybrids from different genetic backgrounds display similar TS 
patterns in phenology and growth traits, and heterosis or outbreeding depression in 
reproductive traits, we estimated the amount of phenotypic difference between the hybrid 
and the mid-value of the parent using the following metric: 
 
(F2 trait value - MidParent trait value)    eq. 3 
                                          MidParent trait value 
 
This metric follows the expectation that positive values show positive TS or 
heterosis in which F2 hybrid exceed positively the mid-parent phenotype (e.g. hybrids are 
taller or produced more fruits than the mid-parent ecotypes). A negative value suggests 
negative TS or outbreeding depression in which F2 hybrids perform worse than the mid-
parent (e.g. hybrids produced less fruits than the mid-parent ecotypes). To apply this 
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metric, we first subsetted the dataset into control and treatment (drought or high 
temperature), and hybrid and parents. Then, we established the particular comparisons, 
which refer to the F2 hybrid and its two parental ecotypes (P1 and P2) and calculated the 
mean per each trait. We bootstrapped confidence intervals (CI) for the mean values using 
10000 resamples of the original value with replacement. CI crossing zero show no 
significant differences between F2 and mid-parent. Marginal responses (i.e. CI slightly 
touch the zero margin) were consider significant. Analyses were carried out in R, ver. 
3.1.2; the code is available from the authors upon request.  
 
In order to synthesize results of our statistical analyses, we estimated the percent 
occurrence of each transgressive event across all traits for close and distant hybrids for 
each growing conditions. Percentages are based on the total number of possible 
transgressive events in each growing conditions. For example, for the water limitation 
experiment, close hybrids had 20 possible events to show TS (4 hybrids* 5 traits) and 8 
possible events to show heterosis or outbreeding depression (4 hybrids*2 traits). Distant 
hybrids had 25 possible events to show TS (5 hybrids*5 traits) and 10 (5 hybrids*2 traits) 
to show heterosis or outbreeding depression. We evaluated positive or negative TS in 
phenology and growth traits. Heterosis and outbreeding depression were analyzed only 
for fitness traits (fruits and seeds).   
 
Results 
Overall patterns: 
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Survivorship in hybrids and parental ecotypes exposed to different environmental 
conditions  
The admixed genotypes of A. thaliana included in this study represent 60% of the 
total crossing events, while the remaining 40% include crosses in which siliques failed to 
develop a few days after pollination. Of the siliques that were formed, 56% of them had 
seeds with successful germination. We did not find any correlation between background 
genetic distance and the rate of success of the cross (Fig. A5.1).  
 
Ecotypes of A. thaliana and their artificial hybrids were able to grow and 
complete their life cycle under the three experimental conditions. We did not find 
evidence of chamber effects, with the exception of biomass and height under the water 
limitation experiment (Table A5.1), and fruits and seeds under the high temperature 
experiment (Table A5.4). The majority of traits differed between control and water 
limitation treatment plants, and for all traits between controls and high temperature 
experiment plants (Table A5.1, A5.4). 
 
In general, plants that grew under the drought and high temperature treatments 
had a faster life cycle than plants grown in a less stressful environment (personal 
observation). Hybrids and parental ecotypes under the water limitation experiment had a 
high survivorship under the control treatment but not in the drought condition with the 
exception of two of the distant hybrids JPkITl and USbiGEm, and four of the parental 
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ecotypes AUq, GEb, GEm and USbi, which had a 100% survivorship under the two 
treatments (Fig. 5.3 a, b).   
 
Survivorship was not a limiting factor under the high temperature experiment; all 
genotypes exposed to 18°C and 32°C completed their life cycle. However, although 
plants were able to survive and produce fruits under 32°C, plants had very low seed 
production. The maximum number of seeds produced per plant was 20 seeds.   Lastly, 
plants exposed to the over wintering experiment experienced a long and cold winter (18 
weeks), spending approximately 12 weeks under snow cover which explains low 
survivorship (Fig 5.3c). The majority of hybrids and parental ecotypes survived the long 
winter in the vegetative stage, only some plants of the hybrid SUboSUco and its parental 
ecotypes SUbo and SUco produced fruits before the snow arrived but they did not survive 
the winter. A few plants developed flower buds but they did not set fruits.  
 
2. Treatment effect on plants performance 
Under the water limitation experiment, we did not find differences between 
hybrids and parents as they behaved in a similar way, except for their height, where 
parents were taller than hybrids (Table A5.1). However, when we analyzed the data 
considering the different genotypes, we found significant differences among the different 
hybrids and parental ecotypes among all measured traits (Table A5.2). In addition, we did 
not find significant differences between two types of hybrids; only biomass showed that 
distant hybrids accumulate more biomass than close hybrids (Table A5.3). In the high 
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temperature experiment, hybrids and parents behave differently across all the traits, with 
the exception of biomass (Table A5.4,). We also found significant differences among the 
different genotypes (Table A5.5). Distant hybrids produced more seeds, fruits and 
biomass than close hybrids (Table A5.6). Overall hybrids and parental ecotypes in the 
overwinter experiment behaved similarly except for bolting speed (Table A5.7), but we 
found significant differences among the different genotypes (Table A5.8). We failed to 
find significant differences between distant and close hybrids in the majority of traits, 
only bolting speed showed differences in which close hybrids bolted earlier than distant 
hybrids (Table A5.9).   
 
Trait expression in hybrids and parents 
In general, our analysis including only bolting speed, plant height and number of 
fruits suggested that hybrids have a higher phenotypic variance than the parental ecotypes 
(Fig. A5.2, A5.3, A5.4). This pattern was more frequent in distant hybrids than close 
hybrids for height and fruits, but not for bolting speed (Fig. A5.2, A5.3, A5.4). In 
addition, comparing control and limiting conditions, we found that more hybrids exceed 
both of their corresponding parental ecotypes in their phenotypic variance under control 
conditions than under drought, high temperature, or freezing conditions for bolting speed 
and plant height, but not for number of fruits (Fig. A5.2, A5.3, A5.4).   
 
Results of the NMDS ordination under the three experimental conditions showed 
that F2 hybrid assemblages occurred in a different NMDS space than their corresponding 
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parents (Fig. A5.5, A5.6, A5.7). Overall, our permutation test found that close hybrids 
exceed parental phenotypes more often than distant hybrids in all growing conditions. 
Under the control treatment of the water limitation experiment, we found that all close 
hybrids excepting CZbaCZbe, behaved differently than the two parental ecotypes as the 
X(obs) fall in the tail of the distribution of the X(sim) data (Fig. 5.4a). Three of the five 
distant hybrids differ from their parental ecotypes. The distant hybrid BEceUKca has a 
similar centroid with its two parental ecotypes (the X(obs) is close to zero); however, the 
observed shift from the parental ecotypes could be due an increase variance in either of 
the parental ecotypes or the hybrids itself (Fig. 5.4a). Under drought conditions, the 
number of close and distant hybrids that show a different phenotype from the parents was 
reduced relative to the control conditions. Only two of the four close hybrids and three of 
the five distant hybrids showed significant differences (Fig. 5.4b).   
 
In the high temperature experiment, we found that three of the six close hybrids 
and three of the seven distant hybrids growing under the control treatment showed 
significantly different phenotypes than their parental ecotypes (Fig. 5.5a). Under high 
temperature conditions, the majority of close hybrids behaved similarly than the parental 
ecotypes with the exception of hybrid SUboSUco. Similar to the control condition, three 
of the seven distant hybrids growing under the high temperature treatment showed 
significantly different phenotypes than their parental ecotypes (Fig. 5.5b). 
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Lastly, our over wintering experiment agreed with the results reported for the high 
temperature experiment in that half of the close hybrids differed from their parental 
ecotypes (Figure 5.6). We failed to show the expected production of transgressive hybrids 
genotypes in distant hybrids; only two of the seven distant hybrids exceed the centroid of 
the parental ecotypes (Fig. 5.6).  
 
TS, heterosis, and outbreeding depression 
We found evidence of TS, including heterosis and outbreeding depression, in 
multiple traits and hybrids in the three experimental conditions (Fig. 5.7, 5.8, 5.9). 
Distant hybrids in the control treatment of the water limitation experiment showed 
slightly more cases of TS than close hybrids (68% vs 55%) (Table 5.3). Positive and 
negative transgression was similarly reported among phenology and growth traits in both 
type of hybrids (close hybrid: positive TS=45.45%, negative TS=54.54%; distant hybrid: 
positive TS=47.05%, negative TS=52.94%) (Table 5.3, Fig. 5.7a). Heterosis was reported 
in only 25% of the close hybrids and 40% in the distant hybrids. Outbreeding depression 
was more common in close hybrids than in distant hybrids (50% vs 40%) (Table 5.3, Fig. 
5.7a). Under the drought treatment, TS was evident in 80% of the close hybrids and in 
only 48% of the distant hybrids. In both types of hybrids, negative TS was the most 
common pattern (62.5% for close hybrids and 58.3% for distant hybrids) (Table 5.3, Fig. 
5.7b,). Outbreeding depression was slightly more common than heterosis in close and 
distant hybrids (close hybrid: 37.5% vs 25% and distant hybrid: 30% vs 20%) (Table 
5.3). 
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Distant hybrids in the high temperature experiment growing under control 
conditions (18°C) showed more TS events than close hybrids (47.61% vs 38%) (Table 
5.3). In both types of hybrids, positive TS was more common than negative TS (close 
hybrid: positive TS=57.14% vs negative TS=42.55%; distant hybrid: positive TS=80% vs 
negative TS=20%) (Table 5.3 Fig. 5.8a). Heterosis was observed in only 16% of the close 
hybrids and 28.57% in the distant hybrids. Outbreeding depression was not very common 
among close and distant hybrids (8% vs 0% respectively) (Table 5.3, Fig. 5.8b). Under 
high temperature (32°C), distant hybrids also showed more TS events than close hybrids 
(47.61% vs 27.77%) (Table 5.3). Positive TS was present in 80% of the close hybrids and 
in 70% of the distant hybrids. Negative TS occurred in 20% of the close hybrids and in 
30% of the distant hybrids. Heterosis was evident in only 16% of the distant hybrids. 
Outbreeding depression was not evident in either of the type of hybrids (Table 5.3, Fig. 
5.8b). 
 
Close hybrids in the over winter experiment showed more TS events than distant 
hybrids (33.3% vs 28.57%) (Table 5.3). In both types of hybrids, positive TS was more 
common than negative TS in equal proportion (positive TS=66.66%, negative 
TS=33.33%). We did not find evidence of heterosis or outbreeding depression in either 
types of hybrid (Fig. 5.9, Table 5.3).  
 
Discussion 
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In this study we recreated the effects of admixture under control and limiting 
environmental conditions in order to better understand how novel phenotypic trait 
expression arises. The three environmental conditions studied here represent conditions 
that plants periodically have to cope with in nature. Adapting to  freezing, drought, and 
high temperature may be fundamental for plant performance under climate change 
scenarios, especially in A. thaliana in which  these environmental conditions have been 
proposed to be relevant to the species geographic range limit (Hoffmann 2002, 2005).  
High temperatures (> 30°C) have been reported to cause plant growth and 
reproductive stress (Landridge & Griffin 1958). It is reported that high temperatures 
increase number of fruits in ecotypes of A. thaliana, especially in genotypes with strong 
phenological responses or flowering plasticity (Springate & Kover 2014). In our 
experiment, the main fitness consequence of high temperatures was scarcity of seeds 
produced (10-20 seeds per plant vs. 10-20 seeds per fruit in control plants), irrespective 
of fruit production success which suggest that 32°C was a very extreme growing 
condition.  
 
Are hybrids different than their parents? 
Hybridization, through the mixing of divergent genomes from different parts of a 
species’ range, can have the potential to expand overall genetic and phenotypic variance 
of the resulting offspring compared to its parents (Molofsky et al., 2014). This can lead to 
increases in fitness due to heterosis (Facon et al., 2008; Keller & Taylor 2010) and 
accelerate response to selection (Lavergne & Molofsky 2007; Keller et al., 2009; Colautti 
 151 
 
et al., 2012). In this study, we found that admixture increases phenotypic variance in 
individual functional traits such as bolting time, plant height, and fruit number;however, 
this variance is constrained under drought, high temperature or winter conditions. These 
results suggest a stronger selective pressure for a single phenotype under limiting 
environments. A more uniform response is expected under a more stressful condition to 
maximize survival (Badyaev 2005; Wolfe & Tonsor 2014). For example, in ecotypes of 
A. thaliana the broad range of days to bolt at 18°C was significantly reduced when plants 
were grown under high temperatures such as 26°C (Palacio-Lopez et al. accepted).  
 
Our NMDS ordination showed that the majority of the close hybrids occupied a 
different phenotypic space to their parental ecotypes. This can be the result of a 
combination of two scenarios: 1) the loss of beneficial epistasis and the breakup of 
coadapted alleles which cause outbreeding depression (Lynch 1991), and 2) incremental  
heterozygosity due to mating between two populations locally adapted to different 
conditions in which inbreeding is prevalent (Lynch 1991; Rieseberg et al., 1999; 
Verhoeven et al., 2011). Particularly, the genetically close hybrid USbiAUci was the only 
hybrid across all the different environmental conditions that showed clear phenotypic 
separation from its parental ecotypes. The parental ecotypes of the hybrid USbiAUci are 
considered close in terms of the background genetic distance, suggesting that they have 
not been isolated for a long period of time. However, it is possible that their genomes 
have been exposed to different environmental forces. The ecotypes USbi and AUci have 
been reported by Anastasio et al. (2011) as ecotypes with erroneous geographic origin. 
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Thus, without certainty on the geographical origin of the two parental ecotypes, it is 
difficult to build conclusions on the possible selective forces that operated on each 
parental ecotype.   
 
Is there evidence for TS heterosis and outbreeding depression? 
We found evidence of TS in F2 hybrids of A. thaliana in all our three experiments. 
In our study, the most frequent transgressive phenotypes occurred in drought plants, in 
which ambient control temperatures and drought conditions favored the expression of 
transgressive genotypes (Table 5.3). These results do not necessarily suggest a benefit in 
the transgressive genotype to cope with the environment. Indeed negative was more 
frequently than positive TS.  Water availability has been reported as a limiting factor of 
different ecotypes of A. thaliana (Bouchabke et al., 2008; Juenguer 2013; Wolfe & 
Tonsor 2014). For example, Bouchabke et al. (2008) argue that natural populations of A. 
thaliana have been subject to different selective pressures to respond to water deficit, 
which explains the observed variation in drought tolerance. Admixed genotypes can 
produce novel genotypes with new trait values, or new multi-trait combinations 
(Calsbeek et al., 2011), including individuals with extreme trait values that exceed their 
parents (Mitchell-Olds 1995, Rieseberg et al., 1999, 2007). Thus, recombination events 
can break down the genetic background responsible for adaptation to drought conditions, 
generating genotypes that lack a physiological adaptation to cope with water limiting 
conditions.  
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Different environmental factors affect plant performance in different ways 
making generalizations challenging. We looked for common patterns regarding 
transgressive segregation, including heterosis and outbreeding depression, between the 
water limitation and the high temperature experiments. These two experiments had two 
treatment conditions in their design which can elucidate the role of a limiting 
environments on admixed genotypes. We hypothesized five possible scenarios among our 
close and distant hybrids. Our first scenario represented the case in which F2 hybrids 
show a positive or negative transgressive expression only under a limiting environment, 
which indicates that the expression of a novel genotype after recombination is favored by 
a restrictive environmental condition such as drought or high temperature. Second, F2 
hybrids showed a positive or negative transgressive expression only under control 
conditions, which indicates that transgressive genotypes at early stages of recombination 
as is the case of F2 hybrids, are detectable under benign environments. Third, F2 hybrids 
showed a positive transgressive expression under the limiting condition and a negative 
transgressive expression under the control (or vice-versa), which indicates that 
transgressive genotypes are not only the result of gene interactions, but also the result of 
the environment. Fourth, F2 hybrids showed a positive or negative transgressive 
expression in both control and limiting conditions, suggesting that the creation of 
transgressive genotypes after recombination events is independent to the environment in 
which the genotypes grow. Lastly, our fifth scenario presented no evidence of 
transgressive genotypes since F2 hybrids are similar to the mid-parent value. This last 
case suggests that only one recombination event is not sufficient to create a novel and 
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transgressive genotypes. Our data did not strongly support the hypothesis that 
transgressive genotypes result from genotype-environment interactions (G x E), with only 
bolting speed in the distant hybrids AUqAUr and BEceBEca, and biomass for the close 
hybrid SUboSUco showing this pattern (Table 5.4). Although we were able to document 
all the scenarios among the measured traits in the F2 hybrids of A. thaliana, we did not 
find a common pattern between the two experimental conditions. Across the nine hybrids 
and four traits that the two experiments have in common, only the distant hybrid 
BEceBEca shared the same pattern for height and fruits (Table 5.4).  
 
We recognize that our results are restricted by the fact that in A. thaliana natural 
hybridization is rare and we are not recreating natural admixture events. However, by 
emasculating the flowers and manually pollinating individual plants, we can control and 
replicate admixture events in order to increase the probability that the results of 
admixture are not simply artifacts. This contribution is relevant to studies that aim to 
understand scenarios such as the introduction of organisms in a new area in which 
admixture events are reported as an explanation to cope with new environmental 
conditions and selection pressures. Based on our results, future studies should test how 
admixed offspring from parental ecotypes that experience different environmental 
regimes behave across a range of limiting environmental conditions. Multiple 
comparisons across different generations can elucidate the relative contribution of 
recombination and selection on the creation of novel phenotypes. 
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Fig. 5.1 Experimental design for two generations of A. thaliana hybrids. The diagram 
shows three examples of the 17 parental lines per hybrids and five crossing events per 
pair to generate F1 hybrids which grew under 18°C. F2 hybrids created by self-pollination 
(arrow) were exposed to three different experiments. 
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Fig. 5.2 Experimental design in which F2 hybrids of A. thaliana were exposed to (a) 
water limitation, (b) high temperature, and (c) over-wintering. 
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Fig. 5.3 Survivorship at bolting time for each genotype under the water limiting (a, b) and 
over-wintering (c) experiments. A value of 1 represents 100% survivorship. Grey bar 
shows survivorship and black bars shows mortality. The width of the bars represent 
reflects the sample size. 
 
(a) Control 
 
(b) Drought 
 
(C) Over wintering experiment 
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Fig. 5.4 Permutation tests of close (C) and distant hybrids (D) showing in red the X(obs) 
and in gray the X (sim) of the NMDS test under the water limitation experiment. P-values 
are shown. 
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Fig. 5.5 Permutation tests of close (C) and distant hybrids (D) showing in red the X(obs) 
and in gray the X (sim) of the NMDS test under the high temperature experiment. P-
values are shown. 
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Fig. 5.6 Permutation tests of close (C) and distant hybrids (D) showing in red the X(obs) 
and in gray the X (sim) of the NMDS test under the over wintering experiment. P-values 
are shown. 
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Fig. 5.7 Mean phenotype differences between F2 hybrids and the mid-parent value under 
the water limiting experiment. Results based on eq. 3 
 
(a) Control 
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(b) Drought  
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Fig. 5.8 Mean phenotype differences between F2 hybrids and the mid-parent value under 
the high temperature experiment. Results based on eq. 3 
 
(a) Control 
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(b) High temperature  
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Fig. 5.9 Mean phenotype differences between F2 hybrids and the mid-parent value over 
wintering experiment. Results based on eq. 3 
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Table 5.1. Crossing design based on background genetic distances. 
 
Hybrid ID Crosses by Ecotype ID 
Background 
genetic distance 
Type of 
hybrid 
Number 
of 
crossing 
events 
CZbaCZbe Lp2-2 x Lp2-6 0.0231 close 4 
GEmGEn Aa-0 x Ga-0 0.0244 close 2 
SUboSUco† Zu-1 x Wei-0  0.0300 close 2 
GEmGEb Aa-0 x Bu-0 0.0294 close 2 
USbiAUci Col-0 x Uod-7 0.0294 close 3 
AUciAUq† Uod-7 x Ka-0 0.0331 close 2 
USbiGEm Col-0 x Aa-0 0.0368 distant 2 
GEiNOj† Gie-0 x Oy-0 0.0392 distant 2 
AUqAUr Ka-0 x In-0 0.0406 distant 2 
USbiGEn† Col-0 x Ga-0  0.0411 distant 1 
BEceBEca Ang-0 x Sq-1 0.0455 distant 5 
JPkITl Tsu-1 x Tu-0 0.0457 distant 2 
USbiUKca Col-0 x Sq-1 0.0508 distant  3 
† Hybrids that were not included in the water limitation environment. 
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Table 5.2 Climatic information for the parental ecotypes from WorldClim (www.worldclim.org). 
 
Ecotype 
ID 
Genotype 
ID 
Lat.  Lon.  
Annual 
mean 
temp.  
(C°) 
Max temp.  
warmest 
month 
(C°) 
Annual 
Precipitation 
(mm) 
Precipitation 
of driest 
month (mm) 
Aa-0 GEm 50.92 9.57 7.80 21.40 765.00 48.00 
Ang-0 BEce 50.30 5.30 9.00 21.60 915.00 64.00 
Bu-0 GEb 50.50 9.50 8.10 21.80 713.00 43.00 
Col-0 USbi 38.30 -92.30 13.00 32.30 1012.00 40.00 
Ga-0 GEn 50.30 8.00 8.50 22.00 710.00 46.00 
Gie-0 GEi 50.58 8.68 9.20 23.40 693.00 42.00 
In-0 AUr 47.50 11.50 4.20 17.80 1076.00 56.00 
Ka-0 AUq 47.00 14.00 3.20 17.70 1374.00 74.00 
Lp2-2 Czbe 49.38 16.81 6.90 21.70 644.00 30.00 
Lp2-6 Czba 49.38 16.81 6.90 21.70 644.00 30.00 
Oy-0 NOj 60.23 6.13 6.80 17.80 2225.00 100.00 
Sq-1 UKca 51.41 -0.64 9.80 22.50 707.00 43.00 
Tsu-1 JPk 34.43 136.31 14.00 29.40 2371.00 67.00 
Tu-0 ITl 45.00 7.50 12.40 28.50 822.00 38.00 
Uod-7 AUci 48.30 14.45 8.50 24.70 862.00 45.00 
Wei-0 SUco 47.25 8.26 7.80 21.40 1202.00 74.00 
Zu-1 SUbo 47.37 8.55 9.10 23.20 1102.00 65.00 
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Table 5.3 Summary of the percentage of transgressive segregation in phenology and growth traits, and heterosis and outbreeding 
depression for reproductive traits.  
 
Experiments 
Type of 
Hybrid 
Transgressive 
segregation 
Positive 
transgressive 
Negative 
Transgressive 
Heterosis 
Outbreeding 
depression 
Water limitation experiment          
 
Control 
Close 55.00 45.45 54.54 25.00 50.00 
Distant 68.00 47.05 52.94 40.00 40.00 
Drought 
Close 80.00 37.50 62.50 25.00 37.50 
Distant 48.00 41.66 58.33 20.00 30.00 
High temperature 
experiment         
 
Control 
Close 38.00 57.14 42.55 16.00 8.00 
Distant 47.61 80.00 20.00 28.57 0.00 
High temperature  
Close 27.77 80.00 20.00 0.00 0.00 
Distant 47.61 70.00 30.00 16.00 0.00 
Over wintering experiment          
 
 
Close 33.30 66.66 33.33 0.00 0.00 
 
Distant 28.57 66.66 33.33 0.00 0.00 
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Table 5.4 Five different scenarios from eq. 3 showing common responses regarding transgressive segregation between the water 
limitation and high temperature experiments.  Yellow: F2 hybrids show a positive or negative transgressive expression only under a 
limiting environment. Orange: F2 hybrids showed a positive or negative transgressive expression only under control conditions. Blue: 
F2 hybrids showed a positive transgressive expression under the limiting condition and a negative transgressive expression under the 
control (or vice-versa).  Green: F2 hybrids showed a positive or negative transgressive expression in both, the control and the limiting 
conditions. Gray:  F2 hybrids are similar than the mid-parent value. Positive transgressive segregation (+). Negative transgressive 
segregation (-).   
 
  
Bolting Speed (days) Height (cm) Biomass (mg) Fruits (number) 
  Hybrids 
Water 
limitation 
experiment 
High 
temperature 
experiment 
Water 
limitation 
experiment 
High 
temperature 
experiment 
Water 
limitation 
experiment 
High 
temperature 
experiment 
Water 
limitation 
experiment 
High 
temperature 
experiment 
C
lo
se
 h
y
b
ri
d
s CZbaCZbe 
-   -           
GEmGEn - + +   - - -   
SUboSUco NA + NA   NA   NA + 
GEmGEb - - - + - + -   
USbiAUci + + +   + - +   
AUciAUq NA + NA   NA - NA - 
D
is
ta
n
t 
h
y
b
ri
d
s 
USbiGEm   - - + - + -   
GEiNOj NA + NA + NA   NA + 
AUqAUr     + + + + +   
USbiGEn NA - NA   NA   NA   
BEceBEca +   + + +   + + 
JPkITl - + - +     -   
USbiUKca   + +   +   +   
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Table A5.1. ANOVA testing for treatment effect, chamber effect, and differences 
between hybrids and parental ecotypes under water limitation experiment. 
 
Response variable DF SS F Ratio P value 
Bolting Speed 
    Treatment 1 5275.514 14.562 0.000 
Treatment*General category 1 976.352 2.695 0.102 
General category 1 63.531 0.175 0.676 
Chamber 2 2110.781 2.913 0.056 
Leaves at bolting 
    Treatment 1 1146.595 12.368 0.001 
Treatment*General category 1 116.672 1.259 0.263 
General category 1 23.353 0.252 0.616 
Chamber 2 96.225 0.519 0.596 
Rosette at bolting 
    Treatment 1 2.348 1.029 0.311 
Treatment*General category 1 0.000 0.000 0.992 
General category 1 2.370 1.039 0.309 
Chamber 2 11.857 2.598 0.076 
Height 
    Treatment 1 701.316 8.454 0.004 
Treatment*General category 1 10.129 0.122 0.727 
General category 1 584.641 7.047 0.008 
Chamber 2 694.284 4.185 0.016 
Biomass 
    Treatment 1 3019.129 0.954 0.329 
Treatment*General category 1 741.466 0.234 0.629 
General category 1 9203.404 2.908 0.089 
Chamber 2 40870.737 6.457 0.002 
Fruits 
    Treatment 1 839.178 1.227 0.269 
Treatment*General category 1 98.852 0.145 0.704 
General category 1 30.157 0.044 0.834 
Chamber 2 736.673 0.538 0.584 
Seeds 
    Treatment 1 2057.187 6.893 0.009 
Treatment*General category 1 85.922 0.288 0.592 
General category 1 874.049 2.929 0.088 
Chamber 2 1252.912 2.099 0.124 
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Table A5.2. ANOVA testing for differences between different genotypes under water 
limitation experiment 
 
Response variable DF SS F Ratio P value 
Bolting Speed 
    Treatment 1 3621.216 18.095 <0.0001 
Specific category 21 45842.074 10.908 <0.0001 
Treatment*Specific category 21 12816.778 3.050 <0.0001 
Chamber 1 204.958 1.024 0.3123 
Leaves at bolting 
    Treatment 1 887.981 15.517 0.0001 
Specific category 21 11329.971 9.428 <0.0001 
Treatment*Specific category 21 2278.208 1.896 0.0109 
Chamber 1 67.072 1.172 0.2798 
Rosette at bolting 
    Treatment 1 0.792 0.701 0.4031 
Specific category 21 453.791 19.123 <0.0001 
Treatment*Specific category 21 13.655 0.575 0.9337 
Chamber 1 4.505 3.987 0.0467 
Height 
    Treatment 1 842.309 14.147 0.0002 
Specific category 21 10051.705 8.039 <0.0001 
Treatment*Specific category 21 1490.907 1.192 0.2553 
Chamber 1 689.334 11.577 0.0008 
Biomass 
    Treatment 1 4376.370 2.129 0.1455 
Specific category 21 497209.980 11.520 <0.0001 
Treatment*Specific category 21 21522.210 0.499 0.9699 
Chamber 1 11495.240 5.593 0.0186 
Fruits 
    Treatment 1 1427.845 3.194 0.0749 
Specific category 21 94329.709 10.047 <0.0001 
Treatment*Specific category 21 6515.237 0.694 0.8391 
Chamber 1 650.165 1.454 0.2288 
Seeds 
    Treatment 1 2321.811 12.602 0.0004 
Specific category 21 46592.133 12.042 <0.0001 
Treatment*Specific category 21 3559.843 0.920 0.5652 
Chamber 1 958.524 5.202 0.0232 
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Table A5.3. ANOVA testing for differences between close and distant hybrids under 
water limitation experiment.  
 
Response variable  Estimate SE t Ratio P value 
Bolting Speed 
    Intercept 48.313 2.914 16.580 <0.0001 
Treatment 2.249 1.183 1.900 0.0586 
Category -0.057 1.170 -0.050 0.9615 
Treatment*Category -0.417 1.171 -0.360 0.7224 
Chamber -1.906 1.414 -1.350 0.1789 
Leaves at bolting 
    Intercept 24.270 1.704 14.240 <0.0001 
Treatment 1.129 0.691 1.630 0.1034 
Category -1.251 0.683 -1.830 0.0681 
Treatment*Category 0.351 0.683 0.510 0.6073 
Chamber 0.291 0.825 0.350 0.7247 
Rosette at bolting 
    Intercept 4.489 0.274 16.370 <0.0001 
Treatment -0.116 0.111 -1.040 0.2980 
Category -0.193 0.110 -1.750 0.0808 
Treatment*Category 0.097 0.110 0.880 0.3789 
Chamber -0.126 0.133 -0.950 0.3450 
Height 
    Intercept 23.850 1.569 15.200 <0.0001 
Treatment 1.726 0.638 2.700 0.0074 
Category -0.800 0.631 -1.270 0.2061 
Treatment*Category -0.258 0.631 -0.410 0.6825 
Chamber -2.025 0.765 -2.650 0.0087 
Biomass 
    Intercept 88.219 10.625 8.300 <0.0001 
Treatment -2.378 4.320 -0.550 0.5825 
Category -10.309 4.272 -2.410 0.0166 
Treatment*Category 1.605 4.274 0.380 0.7077 
Chamber -10.143 5.162 -1.960 0.0506 
Fruits 
    Intercept 41.895 4.776 8.770 <0.0001 
Treatment 1.485 1.943 0.760 0.4455 
Category -1.279 1.919 -0.670 0.5060 
Treatment*Category -1.237 1.921 -0.640 0.5200 
Chamber -3.151 2.328 -1.350 0.1771 
Seeds 
    Intercept 21.318 2.775 7.680 <0.0001 
Treatment 2.024 1.103 1.830 0.0679 
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Category -1.534 1.098 -1.400 0.1636 
Treatment*Category -0.149 1.098 -0.140 0.8922 
Chamber -2.730 1.323 -2.060 0.0401 
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Table A5.4 ANOVA testing for treatment effect, chamber effect, and differences 
between hybrids and parental ecotypes under high temperature experiment  
 
Response variable Estimate SE t Ratio P value 
Bolting Speed 
    Intercept 46.407 1.253 37.030 <0.0001 
Treatment 3.000 0.467 6.430 <0.0001 
General category -1.995 0.442 -4.520 <0.0001 
Treatment*General category 1.172 0.442 2.650 0.0081 
Chamber -0.154 0.203 -0.760 0.4477 
Height 
    Intercept 35.521 1.135 31.280 <0.0001 
Treatment 8.688 0.423 20.550 <0.0001 
General category 1.456 0.400 3.640 0.0003 
Treatment*General category 0.336 0.400 0.840 0.4017 
Chamber 0.177 0.184 0.960 0.3364 
Biomass 
    Intercept 375.137 20.837 18.000 <0.0001 
Treatment 96.688 7.759 12.460 <0.0001 
General category -2.554 7.342 -0.350 0.7280 
Treatment*General category 7.230 7.341 0.980 0.3250 
Chamber -0.020 3.374 -0.010 0.9952 
Fruits 
    Intercept 175.041 9.314 18.790 <0.0001 
Treatment 111.486 3.468 32.140 <0.0001 
General category 9.708 3.282 2.960 0.0032 
Treatment*General category 9.547 3.282 2.910 0.0037 
Chamber -8.160 1.508 -5.410 <0.0001 
Seeds 
    Intercept 44.265 3.377 13.110 <0.0001 
Treatment 17.298 1.258 13.750 <0.0001 
General category 3.843 1.190 3.230 0.0013 
Treatment*General category 3.881 1.190 3.260 0.0012 
Chamber -4.132 0.547 -7.560 <0.0001 
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Table A5.5. ANOVA testing for differences between different genotypes high 
temperature experiment  
 
Response variable DF SS F Ratio P value 
Bolting Speed 
    Treatment 1 6083.824 69.065 <0.0001 
Chamber 1 111.100 1.261 0.2618 
Treatment*Specific category 29 28501.436 11.157 <0.0001 
Specific category 29 36293.902 14.208 <0.0001 
Height 
    Treatment 1 55423.533 517.017 <0.0001 
Chamber 1 219.736 2.050 0.1526 
Treatment*Specific category 29 13028.050 4.191 <0.0001 
Specific category 29 12538.875 4.033 <0.0001 
Biomass 
    Treatment 1 6874669.000 219.261 <0.0001 
Chamber 1 5773.400 0.184 0.6680 
Treatment*Specific category 29 2775947.000 3.053 <0.0001 
Specific category 29 8664979.500 9.530 <0.0001 
Fruits 
    Treatment 1 8921659.700 1270.162 <0.0001 
Chamber 1 179014.800 25.486 <0.0001 
Treatment*Specific category 29 990461.900 4.862 <0.0001 
Specific category 29 875843.300 4.300 <0.0001 
Seeds 
    Treatment 1 217878.730 235.543 <0.0001 
Specific category 29 125308.160 4.671 <0.0001 
Treatment*Specific category 29 126456.910 4.714 <0.0001 
Chamber 1 39461.640 42.661 <0.0001 
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Table A5.6. ANOVA testing for differences between close and distant hybrids under 
high temperature experiment.  
 
Response variable Estimate SE t Ratio P value 
Bolting Speed 
    Intercept 44.463 1.942 22.900 <0.0001 
Treatment 4.197 0.722 5.810 <0.0001 
Category -0.333 0.684 -0.490 0.6260 
Treatment*Category 0.364 0.683 0.530 0.5943 
Chamber -0.169 0.316 -0.530 0.5932 
Height 
    Intercept 36.816 1.732 21.250 <0.0001 
Treatment 8.973 0.644 13.930 <0.0001 
Category -0.753 0.610 -1.230 0.2177 
Treatment*Category -0.824 0.609 -1.350 0.1768 
Chamber 0.195 0.282 0.690 0.4898 
Biomass 
    Intercept 364.543 28.182 12.940 <0.0001 
Treatment 102.592 10.480 9.790 <0.0001 
Category -38.022 9.921 -3.830 0.0001 
Treatment*Category -27.624 9.909 -2.790 0.0056 
Chamber 0.849 4.584 0.190 0.8532 
Fruits 
    Intercept 199.245 13.393 14.880 <0.0001 
Treatment 118.074 4.981 23.710 <0.0001 
Category -11.354 4.715 -2.410 0.0165 
Treatment*Category -11.497 4.709 -2.440 0.0151 
Chamber -10.836 2.179 -4.970 <0.0001 
Seeds 
    Intercept 51.059 5.693 8.970 <0.0001 
Treatment 20.381 2.117 9.630 <0.0001 
Category -4.434 2.004 -2.210 0.0276 
Treatment*Category -4.576 2.002 -2.290 0.0228 
Chamber -4.705 0.926 -5.080 <0.0001 
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Table A5.7. ANOVA testing for differences between hybrids and parental ecotypes over 
wintering experiment 
 
Response variable Estimate SE t Ratio P value 
Bolting Speed 
    Intercept 176.584 3.657 48.280 <0.0001 
General category -13.157 3.657 -3.600 0.0004 
Height 
    Intercept 14.982 0.415 36.120 <0.0001 
General category -0.357 0.415 -0.860 0.3905 
Biomass 
    Intercept 96.789 5.445 17.780 <0.0001 
General category -8.894 5.445 -1.630 0.1032 
Fruits 
    Intercept 67.193 3.266 20.570 <0.0001 
General category -1.548 3.266 -0.470 0.6358 
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Table A5.8. ANOVA testing for differences between different over wintering experiment 
 
Response variable DF SS 
F 
Ratio P value 
Bolting Speed 
    SpecificCategory 29 1132678.900 10.685 <0.0001 
Height 
    SpecificCategory 29 7186.748 5.799 <0.0001 
Biomass 
    SpecificCategory 29 1353795.600 6.655 <0.0001 
Fruits 
    SpecificCategory 29 409802.450 5.083 <0.0001 
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Table A5.9. ANOVA testing for differences between close and distant hybrids over 
wintering experiment 
Response variable Estimate SE t Ratio P value 
Bolting Speed 
    Intercept 0.010 0.001 16.590 <0.0001 
Category 0.002 0.001 3.800 0.0002 
Height 
    Intercept 14.566 0.655 22.240 <0.0001 
Category[close] -1.041 0.655 -1.590 0.1144 
Biomass 
    Intercept 88.120 8.001 11.010 <0.0001 
Category[c 3.930 8.001 0.490 0.6240 
Fruits 
    Intercept 66.118 5.519 11.980 <0.0001 
Category[close] 7.398 5.519 1.340 0.1823 
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Fig. A5.1 Relationship between background genetic distance and crosses success (a) 
silique develop (b) seed germination in F1 hybrids of A. thaliana. 
(a) 
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Fig. A5.2. Bolting speed mean and variance for hybrids and their parental ecotypes.  § significant results for variance Ftest.  † 
significant differences in means from an independent contrast analysis 
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Fig. A5.3. Height mean and variance for hybrids and their parental ecotypes.  § significant results for variance Ftest.  † significant 
differences in means from an independent contrast analysis 
 
 
  
 
1
9
0
 
Fig. A5.4. Fruits mean and variance for hybrids and their parental ecotypes.  § significant results for variance Ftest.  † significant 
differences in means from an independent contrast analysis 
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Fig. A5.5 NMDS test under the water limitation experiment. Red and blue color represent 
the parental ecotypes. Green color represent the hybrid. Centroids are represented with 
squares.   
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Fig. A5.6 NMDS test under the high temperature experiment. Red and blue color 
represent the parental ecotypes. Green color represent the hybrid. Centroids are 
represented with squares.   
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Fig. A5.7 NMDS test under the over wintering experiment. Red and blue color represent 
the parental ecotypes. Green color represent the hybrid. Centroids are represented with 
squares.   
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